




UNDERSTANDING INTRA-CATCHMENT PROCESSES 










A THESIS SUBMITTED FOR THE DEGREE OF DOCTOR OF 
PHILOSOPHY 
 
DEPARTMENT OF GEOGRAPHY 






I would like to sincerely and truly thank my primary supervisor Professor Roy C. Sidle for 
providing me a precious opportunity to conduct Ph.D. studies with him in the tropics, in 
particularly in the field of  hydrogeomorphology. Without his frequent involvements in 
sometimes tedious fieldworks, inspiring, thoughtful, and constructive suggestions and 
comments, continuous support and encouragement, and patience, this dissertation would 
have never been put together in the present form. I also would like to express my sincere 
appreciation to Dr. Abdul Rahim Nik from Forest Research Institute Malaysia for supporting 
and allowing me to have an flexible access to the Bukit Tarek Experimental Watershed; also 
he helped me much in various logistical aspects including provision of  some hydrological 
data and facilitation of  equipment transportations between Singapore and Malaysia. Dr. 
Shoji Noguchi from Japan International Center for Agricultural Sciences provided invaluable 
help such as sharing his field laboratory and offering logistical help in the field, which were 
instrumental in continuation of  this study. Associate Professor Robert Stanforth 
welcomingly and kindly arranged access without problems to the analytical equipments at the 
Department of  Chemical and Biomolecular Engineering at NUS. My frequent visit and stay 
in the field site could not be more pleasant, relaxing, and exciting without the presence of  
my great neighbors in a small kampung of  Kerling: the family of  Mahmud Marzuki; I 
sincerely thank them all for taking care of  the field station and myself  largely by cleaning our 
field laboratory, providing various kinds of  food and drinks (including amazingly addictive 
durians), and opportunity to join celebrative gatherings. Associate Professor Matthias Roth 
was very helpful and kind to me particularly by dealing with necessary paper works while I 
was away from Singapore to work closely with Professor Sidle in Japan. I do not know how 
to thank Alan Ziegler for fueling my continuous motivation in field sciences and providing 
me valuable thoughts and insights related to this dissertation. Masanori Nunokawa, Shozo 
Sasaki, Takashi Gomi, Noriko Kodera, Peiwen Tham, Ruyan Siew, Josephene Then, and 
Mika Yamao provided me capable help in the field; their assistance was indispensable 
especially when working in a place far from home rather independently. My gratitude also 
must go to Professor Makoto Tani, Associate Professor Zulkifli Yusof, Associate Professor 
John S. Richardson, Associate Professor Hideaki Shibata, Takashi Gomi, and Shoji Yasushi 
for valuable and helpful suggestions and guidance when I was having hard time to get 
around some obstacles in pursuing Ph.D. program. Masahisa Nakamura, Yuko Nakamura, 
Rino Nakamura, Shogo Nakamura, Karin Laursen are all very much appreciated for their 
continuous support in various aspects during my academic journey so far. My parents Takeo 
Negishi, Yukiko Negishi, and brother Yoichiro Negishi have been always supportive and 
encouraging to me; their presence had meant so much to me throughout my academic 
training until today. Last but not least, Miho Negishi, Yutaka Negishi, and Suzu Negishi have 
been an fundamental and irreplaceable key ingredient in this great accomplishment and all 
the related dissemination made; thank you all for cheering up and supporting me all the way 
through.    
 
 II
Table of  Contents 
ACKNOWLEDGEMENTS ··················································································· I 
TABLE OF CONTENTS ····················································································· II 
SUMMARY ································································································· VI 
LIST OF FIGURES ························································································· VII 
LIST OF TABLES ·························································································· XIII 
GLOSSARY ································································································ XV 
CHAPTER 1. INTRODUCTION·········································································· 1 
1.1. BACKGROUND ·························································································· 2 
1.2. OBJECTIVES OF THE DISSERTATION ······························································ 5 
1.3. STUDY APPROACH ····················································································· 6 
1.4. OUTLINE OF THE DISSERTATION··································································· 7 
CHAPTER 2. SITE DESCRIPTIONS ··································································· 9 
2.1. STUDY SITE ····························································································10 
2.2. MAJOR MONITORING LOCATIONS·································································17 
2.2.1 Sites within C1 ················································································17 
2.2.1.1 ZOBC1···························································································17 
2.2.1.2 Floodplain and planer hillslope ·························································20 
2.2.2 Sites within C3 ················································································23 
2.2.2.1 Experimental road section ································································23 
2.2.2.2 Rainfall monitoring stations ·····························································28 
CHAPTER 3. STORMFLOW GENERATION WITHIN C1 ZERO-ORDER BASIN ····· 30 
3.1. CHAPTER ABSTRACT ·················································································31 
3.2. CHAPTER INTRODUCTION ··········································································32 
3.3. METHODOLOGY·······················································································33 
3.3.1 Hydrometric approaches····································································33 
3.3.2 Hydrochemical approaches ································································38 
3.4. DATA ANALYSES·······················································································40 
3.4.1 ZOB flow separation ·········································································40 
3.4.2 SOF estimation ················································································42 
3.4.3 Pipe flow responses and contribution···················································43 
3.5. RESULTS································································································43 
3.5.1 ZOB flow responses ··········································································45 
3.5.2 Contribution of SOF due to DPSA·······················································45 
3.5.3 Pipe flow responses and contribution···················································47 
3.5.4 Piezometric responses ·······································································55 
3.5.5 Sporadic measurements of rainfall, runoff, and saturated soil water········55 
3.5.6 Intensive event monitoring of rainfall, runoff, and saturated soil water····55 
3.6. DISCUSSION ···························································································59 
CHAPTER 4. INTRA-CATCHMENT HETEROGENEITY OF HYDROLOGICAL 
PROCESSES AND SOLUTE EXPORT WITHIN C1··············································· 66 
4.1. CHAPTER ABSTRACT ·················································································67 
4.2. CHAPTER INTRODUCTION ··········································································68 
4.3. METHODOLOGY·······················································································69 
4.3.1 Hydrological monitoring ····································································69 
 III
4.3.2 Hydrochemical monitoring·································································73 
4.3.3 Analytical approaches ·······································································77 
4.3.3.1 Stormflow separation·······································································77 
4.3.3.2 Characterizations of solutes from planar hillslope during storm events ···78 
4.3.3.3 Statistical consideration ···································································79 
4.4. RESULTS································································································79 
4.4.1 Hydrological responses of floodplain, hillslope, and ZOBC1 ····················80 
4.4.2 Variability of streamwater chemistry reflected in specific conductance·····87 
4.4.3 Heterogeneity in solute concentration and export··································90 
4.5. DISCUSSION ···························································································93 
CHAPTER 5. ROAD INTERVENTION ON CATCHMENT PROCESSES WITHIN C3: 
SOURCE OF HORTONIAN OVERLAND RUNOFF··············································104 
5.1. CHAPTER ABSTRACT ··············································································· 105 
5.2. CHAPTER INTRODUCTION ········································································ 106 
5.3. METHODOLOGY····················································································· 107 
5.3.1 Hydrological Monitoring·································································· 107 
5.3.2 Event-based Monitoring of Sediment and Specific Conductance ············ 110 
5.3.3 Monitoring of water temperature, turbidity and specific conductance····· 112 
5.4. ANALYTICAL APPROACHES······································································· 113 
5.4.1 Separation of event-based stormflow flux at the road section and catchment 
outlet ···································································································· 113 
5.4.2 Estimation of HOF on the road section ·············································· 113 
5.4.3 Separation of HOF at the catchment outlet ········································ 117 
5.5. RESULTS······························································································ 119 
5.5.1 Examples of road section response ···················································· 119 
5.5.2 Examples of catchment outlet responses ············································ 121 
5.5.3 Road HOF response and its contribution to catchment runoff ··············· 124 
5.5.4 Estimation of contribution area of HOF ············································· 124 
5.6. DISCUSSION ························································································· 127 
CHAPTER 6. PROCESSES RELATED TO INTERCEPTED SUBSURFACE FLOW 
(ISSF) WITHIN C3: HYDROLOGICAL RESPONSES AND ROAD EROSION···········134 
6.1. CHAPTER ABSTRACT ··············································································· 135 
6.2. CHAPTER INTRODUCTION ········································································ 136 
6.3. METHODOLOGY····················································································· 137 
6.3.1 Characterization of in-stream condition············································· 138 
6.3.2 Hydrological monitoring ·································································· 138 
6.3.3 Event-based monitoring of sediment ················································· 140 
6.3.4 Analytical approaches ····································································· 140 
6.3.4.1 Event-based separation of road-related HOF and ISSF ······················· 140 
6.3.4.2 Estimation of sediment export························································· 142 
6.3.4.3 Statistical analyses········································································ 143 
6.4. RESULTS······························································································ 143 
6.4.1 Catchment suspended sediment export·············································· 143 
6.4.2 In-stream characteristics································································· 145 
6.4.3 Relative contributions of HOF and ISSF to road runoff ························ 145 
6.4.4 Characteristics of ISSFZOB and ISSFhillslope ········································· 151 
6.4.5 Relative contributions of HOF and ISSF to road sediment export ·········· 151 
6.5. DISCUSSION ························································································· 155 
6.5.1 Observation at catchment scale ························································ 156 
6.5.2 Hydrologic control of ISSF ······························································· 158 
 IV
6.5.3 Geomorphic control of ISSF ····························································· 159 
6.5.4 ISSF-driven sediment export···························································· 160 
6.5.5 Occurrence of ISSF and road impacts ················································ 162 
CHAPTER 7. DYNAMIC SOURCE AREAS OF SEDIMENT AND SOLUTE WITHIN C3
 ································································································165 
7.1. CHAPTER ABSTRACT ··············································································· 166 
7.2. CHAPTER INTRODUCTION ········································································ 168 
7.3. METHODOLOGY····················································································· 169 
7.3.1 Hydrological monitoring and sporadic hydrochemical monitoring ·········· 169 
7.3.2 Event-based monitoring of sediment and solute ·································· 172 
7.3.3 Selected solutes examined ······························································· 172 
7.3.4 Analytical approaches ····································································· 172 
7.4. RESULTS······························································································ 176 
7.4.1 Sporadic characterization of stormflow components····························· 176 
7.4.2 Typical characteristics of sediment and solute export from the experimental 
road section ······························································································· 176 
7.4.3 Typical characteristics of sediment and solute export from the catchment 
outlet ···································································································· 180 
7.4.4 Total export and contribution of HOF-induced sediment and solute export ··
 ···································································································· 182 
7.5. DISCUSSION ························································································· 187 
CHAPTER 8. ECOLOGICAL PROCESSES RELATED TO CATCHMENT RECOVERY 
OF C3 ································································································194 
8.1. CHAPTER ABSTRACT ··············································································· 195 
8.2. CHAPTER INTRODUCTION ········································································ 196 
8.3. METHODOLOGY····················································································· 197 
8.3.1 Precipitation and road runoff ··························································· 197 
8.3.2 Interception loss and throughfall quality ··········································· 197 
8.3.3 Sediment export ············································································· 201 
8.3.4 Temperature ·················································································· 203 
8.4. ANALYSES ···························································································· 203 
8.4.1 Road runoff separation···································································· 203 
8.4.2 Interception loss and element enrichment estimation ·························· 204 
8.4.3 Sediment and air temperature data ·················································· 206 
8.4.4 Further statistical considerations ····················································· 206 
8.5. RESULTS······························································································ 207 
8.5.1 Road runoff estimation···································································· 207 
8.5.2 Interception loss and element contents at road sites ···························· 208 
8.5.3 Interception loss and element enrichment of fern cover and forest canopy ···
 ···································································································· 211 
8.5.4 Influences of fern cover on rainfall and elemental inputs on the road surface
 ···································································································· 211 
8.5.5 Sediment export ············································································· 214 
8.5.6 Air temperature ············································································· 214 
8.6. DISCUSSION ························································································· 217 
CHAPTER 9. CONCLUSIONS·········································································223 
9.1. CHAPTER INTRODUCTION ········································································ 224 
9.2. SUB-OBJECTIVE 1: TO ELUCIDATE INTRA-CATCHMENT VARIABILITY RELATED TO 
STORMFLOW GENERATION AND SOLUTE EXPORT WITHIN A RELATIVELY UNDISTURBED 
 V
TROPICAL HEADWATER CATCHMENT. ··································································· 224 
9.3. SUB-OBJECTIVE 2: TO UNDERSTAND HOW LOGGING ROAD NETWORKS ALTER 
PROCESSES AND PATHWAYS RELATED TO STORMFLOW GENERATION AND EXPORT OF 
SEDIMENT AND SOLUTES WITHIN A SEVERELY DISTURBED TROPICAL HEADWATER 
CATCHMENT··································································································· 228 
9.4. SUB-OBJECTIVE 3: TO DOCUMENT RECOVERY PROCESSES OF ROADS ASSOCIATED 
WITH VEGETATION REGROWTH AFTER CATCHMENT DISTURBANCE RELATED TO SEDIMENT, 
WATER, AND SOLUTE DYNAMIC··········································································· 232 






Various intra-catchment processes were studied in two neighboring tropical headwater 
catchments of  Peninsular Malaysia: a relatively undisturbed catchment (C1, 33 ha) and a 
catchment severely disturbed by logging activities (C3, 14 ha). C1 remains undisturbed since 
selective harvesting in the 1960s whereas C3 was selectively harvested 3 years ago with 
constructions of  extensive road network. 
 
Hydrochemical monitoring of  a zero-order basin (ZOB) within C1 indicated that subsurface 
flow accreted above the soil-saprolite interface provided a major stormflow component. Soil 
pipes at the channel head (i.e., profile at the basin outlet) contributed an approximately 50% 
of  total ZOB flow during the study period, suggesting being as an important pathway for 
draining solute-rich stormflow to downstream systems 
 
In comparison with planer hillslope and riparian floodplain, ZOB was hydrologically the 
most dynamic and played a disproportionately important role in exporting solutes such as 
nitrate. The levels of  selected solutes such as nitrate exported during events from a 
zero-order basin were higher compared with those from a planer hillslope, likely due to a 
greater contact of  subsurface flow with shallow organic-rich soil horizons in the converging 
zero-order basin. Consequently, estimated export of  selected solutes was 4- to 6-fold higher 
from a zero-order basin relative to a planer hillslope. 
 
Road surfaces in C3 altered catchment hydrology by extensively promoting overland flow. 
Contributing areas of  HOF (Hortonian overland flow) to the outlet of  C3 expanded from 
0.1 to over 1.5 ha with increasing storm rainfall over a range from 5 to 88 mm at least for 
events with wet antecedent condition. Such expansion of  HOF contributing areas was partly 
attributed to variable connectivity between source areas (road surfaces) and stream channels 
related to event characteristics.  
 
In addition to generating HOF and associated surface erosion, road cuts intercepted 
subsurface flow (ISSF) during relatively large events, resulting in additional road surface 
erosion and bypassing of  solute-rich flow downslope of  the roads. Consequently, for the 
intensively monitored 6 storms in which high ISSF inputs were observed, ISSF-related 
sediment accounted for 27% of  the total sediment exported from the road section. 
 
Nearly all the sediment eroded from the road section was originated from the road prism 
(>90%). In contrast, source areas of  solutes were highly variable; the major source of  solutes 
was road surface for the events with road runoff  dominated by HOF, whereas the majority 
of  solute export from the road section (>60%) was accounted for by the inputs from 
upslope of  the road prism when substantial ISSF drained from the cutslope. 
 
Absence of  vegetation on the road surface likely caused continuous, excessive surface 
erosion. Growth of  roadside fern (D. curranii) plays an important ecological role in road 
recovery through the following processes: (1) reduction of  HOF (-4.8 mm); (2) reduction of  
sediment export rate (-84%); (3) enhanced fluxes of  selected nutrients (K: +101%, Mg: 
+70%, Ca: +26%); and (4) suppression of  maximum air temperature (-7 ºC). 
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overland flow, which is estimated from the monitoring of  the C3 catchment outlet  
ARI7 – 7-day antecedent rainfall index; it is a total amount of  rainfall fell within 7 days prior 
to the date of  interest  
BR – a bedrock fracture at the channel head; BR flow refers to the return flow emerging 
from the bedrock fractures  
DPSA – direct precipitation onto saturated area; substantial amounts of  saturation excess 
overland flow can be generated by the process of  DPSA in areas such as riparian 
floodplains 
FLOWtotal – event-based total flow flux from the experimental road section (including 
upslope contribution) 
FPSTORM – total storm-induced additional runoff, primarily in the form of  overland flow, 
measured at the outlet of  the floodplain 
FPSTORM-SOF – storm-induced additional runoff, primarily in the form of  overland flow, 
measured at the outlet of  the floodplain; it refers to the portion of  FPSTORM that is 
generated due to precipitation falling onto saturated floodplain surface 
FPSTORM-RF – storm-induced additional runoff, primarily in the form of  overland flow, 
measured at the outlet of  the floodplain; it refers to the portion of  FPSTORM that is 
generated due to return flow emerging at the foot of  planer hillslope 
FStotal and CStotal – those refer to fine and coarse sediment fluxes from the experimental road 
section, inclusive of  sediment originating from upslope (i.e., ZOBC3), respectively, 
whereas road-generated fine and coarse sediment export (FSroad and CSroad) was 
obtained by subtracting sediment export at ZOBC3 (only FS) from FStotal, whereas CSroad 
was equivalent to CStotal. 
HOF – Hortonian overland flow; infiltration excess overland flow; it occurs when rainfall 
intensity exceeds a infiltration capacity of  ground surfaces 
HOFpotential – a total amount of  Hortonian overland flow potentially expected from the 
experimental road section when assuming a 100% runoff  coefficient 
HOFROAD – event-based unit area road runoff  caused by Hortonian overland flow 
HOFCATCHMENT – a total amount of  event-based Hortonian overland flow estimated for the 
entire C3 catchment  
Imax10 – maximum 10-min rainfall intensity of  storms  
ISSF – intercepted subsurface flow; it refers to resurfaced groundwater that occurs at 
cutslopes created by road constructions via interception of  subsurface flow pathways 
ISSFhillslope and ISSFZOB – ISSFhillslope is the residual of  ISSF after subtracting ISSF measured 
at the ZOBC3 weir (ISSFZOB). Thus, ISSFhillslope and ISSFZOB were considered as portions 
of  ISSF that appeared respectively from the road cutslope with and without the 
influence of  the converging hillslope that characterized ZOBC3. 
PRT – precipitation; it is equivalent to a total amount of  rainfall  
RFH – a total amount of  subsurface return flow measured at the foot of  planer hillslope 
during storms; this consists of  a baseflow portion (RFB) and an additional portion 
observed during storms due to the occurrence of  relatively shallow lateral flow (RFH-sub) 
RN – a runoff  node found on an abandoned logging road across the zero-order basin in C1 
through which overland flow generated on the road surfaces or from cutslopes were 
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transported downward 
SOF – saturation excess overland flow; it can be generated by direct precipitation falling 
onto saturated ground surfaces (DPSA) 
SSF – subsurface flow; it refers to relatively shallow groundwater flow perched above 
hydrologically impeding layers 
TS – a total amount of  sediment; it refers to a total amount of  sediment collected at the 
experimental road section; TS is further separated into FS (smaller than 250 µm) and 
CS (greater than 250 µm) portions on the basis of  their sizes 
ZOB – zero-order basin that is characterized by a converging surface topography; in other 
words, it refers to geomorphic hollows that are typically found at the channel head areas 



























Geographically, the tropics are defined as the regions of  the Earth centered on the equator 
lying between latitudes of  23°30' N and 23°30' S, where the sun reaches a point directly 
overhead at least once during the solar year. From a climatological point of  view, tropical 
climates are defined as non-arid with all twelve months having mean temperatures above 18 
ºC (Allaby, 2002). Within such tropical regions, the areas with relatively high precipitation 
harbour humid tropical forests which possess higher biological diversity and ecosystem 
productivity compared to other areas on Earth (e.g., Whitmore, 1984; Wilson, 1988). 
Among such highly praised ecosystems, Malaysian forests are known as a biome richest in 
biological diversity (Whitmore, 1984). Another significant attribute of  tropical forests at 
global scales is their role in carbon sequestration that regulates the atmospheric 
concentrations of  carbon dioxide; tropical forests store the highest carbon biomass 
compared to other biomes (Tivy & O’Hare, 1986). Therefore, it is generally recognized that 
forests within the tropics are important at both local and global scales; they moderate 
climate and abrupt changes in water releases at local scales and likely affect climate patterns 
as well as biological diversity at regional and global scales (e.g., Whitmore 1984; Bruijnzeel, 
1990; Eltahir & Bras, 1996). Nevertheless, these tropical forests are areas where economic 
development and population growth is rapidly increasing, and thus, demands for land and 
associated natural resources are among the highest in the world (e.g., Laurance, 2000; 
Thapa, 2001). According to the recent statistics, forested areas in the tropical regions 
continue to be affected by human activities at alarming rates (FAO, 2001). During the 
period 1999-2000, for example, net loss of  forested areas on the globe, the differences 
between deforested areas and reforested area, was 9.4 million ha. Although the term 
“deforestation” in this FAO report was not clearly defined, and thus, possibly refers to 
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both forest conversion and temporary removal of  forest cover, this figure at least shows 
the extensiveness of  human alternations of  forest cover at the global scale. Consequently, 
there is a growing concern that modification or conversion of  forested land in tropical 
areas and subsequent changes in biodiversity may lead to losses of  various ecosystem 
functions, as well as biogeochemical processes that are largely governed by hydrological 
processes (e.g., Bruijnzeel, 1990; Howarth et al., 1996; Baskin, 1997; Williams & Melack, 
1997; Downing et al., 1999). 
One of  the common forms of  land use change in humid tropical regions is the 
clearance of  ground vegetation in association with timber harvesting, agricultural 
cultivation, mining, residential, and recreational development (Bruijnzeel & Critchley, 1994; 
Fox et al., 1995). Land surface modification that involves the removal of  vegetation cover 
severely alters near-surface hydrologic processes and accelerates surface erosion (e.g., Lal, 
1990), potentially resulting in a variety of  on- and off-site consequences such as reduced 
site productivity, degradation of  downstream water/habitat quality, and channel 
morphology (Lyons & Beschta, 1983; Campbell & Doeg, 1989; Iwata et al., 2003). A widely 
held view is that roads are one of  the landscape features that exert substantial influences on 
hydrological processes and sediment export in managed mountainous landscapes in the 
tropics (Bruijnzeel & Critchley, 1994; Ziegler & Giambelluca, 1997; Ziegler et al., 2000; 
Sidle et al., 2004). Furthermore, these types of  land use activities due to increasing demands 
on land and resources tend to encroach on areas that were earlier excluded from human 
influences (Fox et al., 1995; Myers, 1994). At the same time, there is an increasing 
recognition that headwater ecosystems are ecologically unique within riverine landscapes 
and are also important as sources of  water, solutes, organic matter, and sediment 
potentially exerting far-reaching influences on ecosystem processes downstream (Gomi et 
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al., 2002; Lowe & Likens, 2005). These facts mandate the development of  proper land 
management practices that can be applied to conserve the processes that are unique and 
crucial within headwater ecosystems. However, there still exists a large gap in our 
understandings of  catchment processes that maintain ecosystem integrity and are 
instrumental in explicit land use planning in tropical regions (Bruijnzeel, 1993; Gomi et al., 
2002). 
One of  the most common approaches to study hydrology and nutrient export and 
evaluate their responses to various human activities within headwater areas is catchment 
outlet monitoring with a paired-catchment design (see Hornung & Reynolds, 1995 for an 
overview of  paired-catchment studies). Investigations using such study designs have 
substantially advanced our knowledge on catchment hydrology and nutrient budgets in 
relatively undisturbed systems, and also the response and recovery of  catchment processes 
to various levels and types of  human activities in temperate regions (e.g., Brown & Krygier, 
1971; Harr et al., 1975; Likens et al., 1977; Beschta, 1978; Grant & Wolff, 1991; Jones & 
Grant, 1996). Similar approaches have become increasingly common lately also in tropical 
environments and provide better understanding of  undisturbed forested ecosystems as well 
as several important implications in managed forests that are, in general, consistent with 
those from temperate regions - altered exports of  sediments, solutes, and hydrological 
fluxes after catchment disturbance (e.g., Douglas et al., 1992; Lesack, 1993; Grip et al., 1994; 
Malmer & Grip, 1994; McDowell & Asbury, 1994; Kuraji, 1996; Zulkifli, 1996; Fujieda et al., 
1997; Williams & Melack, 1997). A major drawback of  catchment monitoring approach is 
its inherent feature that integrates variability of  intra-catchment processes as a part of  the 
black-box output, providing limited information on intra-catchment processes. When 
spatially explicit land management practices are implemented in headwater areas, 
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understanding of  the heterogeneity in processes within catchment, and thus, vulnerability 
of  various areas to land disturbance, as well as prioritization of  such areas in land 
development, are needed. Such knowledge is extremely scarce particularly in tropical 
regions, hindering the formulation of  guidelines that could promote more sustainable 
development of  the areas. The present work attempts to extend our understanding in this 
regard. 
 
1.2. Objectives of  the dissertation  
In the context of  the background issues introduced, the main objective of  this dissertation 
is:  
 
To identify important intra-catchment processes related to management of  forested 
tropical headwater catchments 
 
Three specific sub-objectives are:  
 
1. To elucidate intra-catchment variability related to stormflow generation and solute 
export within a relatively undisturbed tropical headwater catchment.  
 
2. To understand how logging road networks alter processes and pathways related to 
stormflow generation and export of  sediment and solutes within a severely disturbed 
tropical headwater catchment. 
 
3. To document recovery processes of  roads associated with vegetation regrowth after 
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catchment disturbance related to sediment, water, and solute dynamics. 
 
1.3. Study approach 
Due to time constraints and limited logistical controls of  research sites abroad, I did not 
attempt to employ a conventional paired catchment monitoring design, which typically 
requires relatively long-term monitoring (at least > 3 yr) of  both control (without human 
interventions) and treatment (with human interventions) catchments before and after the 
treatment (see Hornung & Reynolds, 1995). Instead, focus was placed on elucidating 
intra-catchment processes using a pair of  an existing, recently disturbed catchments and a 
relatively undisturbed catchment that presumably share similar environments such as 
climate, original vegetation, lithology, and soils but differ in management history. In other 
words, temporal extensiveness of  long-term field sampling was sacrificed to attain spatially 
extensive data within catchments, which was instrumental to elucidate poorly understood 
intra-catchment variability of  hydrological processes and solute dynamics in tropical 
ecosystems. Importantly, temporal intensity of  short-term field sampling was rather high to 
capture detailed responses of  catchments during several storm events. In this approach, the 
relatively undisturbed catchment was considered as a control that provided information on 
the intra-catchment processes without extensive human interventions so that a variety of  
processes and mechanisms, by which road networks affected intra-catchment processes in 
the already-disturbed catchment, can be reasonably inferred. For this reason, the thesis 
attempted to elucidate the hydrological processes and solute exports within the relatively 
undisturbed catchment first, and then, investigated various processes within the 
logging-disturbed catchment based on the information obtained in the adjacent control 
catchment in the following chapters.  
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1.4. Outline of  the dissertation 
To address the questions related to the three sub-objectives, the following chapters deal 
with specific aspects of  the study: 
 
¾ Chapter 2 provides descriptions of  the study site and monitoring sites within the study 
site. 
 
¾ Chapter 3 examines stormflow generation processes within a relatively undisturbed 
zero-order basin (geomorphic hollow) of a tropical headwater catchment.  
 
¾ Chapter 4 demonstrates geomorphically controlled heterogeneity in hydrological 
processes and solute export within a relatively undisturbed tropical headwater 
catchment. 
 
¾ Chapter 5 illustrates the dynamic source areas of  road-generated overland flow within 
a logged tropical headwater catchment. 
 
¾ Chapter 6 examines the relative importance of  road surface-generated overland flow 
and sediment compared to flow and sediment generated via intercepted subsurface 
flow from roadcuts within a logged tropical headwater catchment.  
 
¾ Chapter 7 illustrates spatially variable source areas and contributions of  sediment and 
solutes in the context of  export from the catchment outlet within a logged tropical 
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headwater catchment.  
 
¾ Chapter 8 examines the role of  roadside fern growth on road recovery within a logged 
tropical headwater catchment. 
 
¾ Chapter 9 summarizes the findings and management implications related to sustainable 
use and development of  headwater catchments in tropical areas. 
 
It is important to note that introductory paragraphs specifically related to the respective 





















Chapter 2.  
Site Descriptions 
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2.1. Study site 
All the work described in the following chapters was conducted within the 2-yr study 
period from 11 November 2002 to 10 November 2004, in Bukit Tarek Experimental 
Watershed (BTEW; 3º31'N, 101º35'E), Peninsular Malaysia (Figure 2-1). Long-term 
monitoring of  catchment hydrology and sediment export based on outlet measurements in 
BTEW was initiated by Forest Research Institute Malaysia in 1991 to evaluate catchment 
hydrological responses and sediment budgets to clear-felling, burning, and forest plantation 
(Saifuddin et al., 1991). BTEW consists of  three catchments of  different sizes; these are 
Catchment 1 (C1: 32.8 ha), Catchment 2 (C2: 34.3 ha), and Catchment 3 (C3: 14.4 ha). This 
dissertation only concerns C1 and C3, and thus, hereafter only these two catchments are 
discussed (Figure 2-2).  
Metamorphic rocks and argillaceous sediments, including quartzite, quartz mica 
schist, schistose grit, phyllite, mica schist, and indurated shale underlie the site. The bedrock 
is typically overlain by a 0.3 to 0.7 m layer of  weathered quartzite (Saifuddin et al., 1991). 
Using a knocking pole penetrometer, Noguchi et al. (1997a) demonstrated that depth to 
bedrock ranged from 1 to 5 m on a planar hillslope within C1 while Ziegler et al. (in review) 
reported that depth to bedrock was typically 1 to 1.5 m in a zero-order basin of  C1 
(introduced later as ZOBC1). Two principal soil series have been mapped in BTEW: Kuala 
Brang (Orthoxic Tropudult) and Bungor (Typic Paleudult), both ultisols derived from 
metamorphic rocks (Arenaceous) and argillaceaous sediments deposited during the Triassic 
Period (Roe, 1951; Saifuddin et al., 1991). Kuala Brang soils occupy 90% of  the area and 
























Figure 2-2 Topographic map of  Bukit Tarek Experimental Catchments 1 and 3. 
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Mean (±SE) annual precipitation for the period 1991-2000 was 2862 (±82) mm (Siti et al., 
2002); monthly rainfall typically exhibits a bimodal distribution with two peaks around May 
and November (Noguchi et al., 1996). During the 2-yr study period, for instance, a total of  
6287 mm (3312 and 2975 mm for the 1st and 2nd year, respectively) of  precipitation fell; 
median total storm precipitation and 10-min maximum rainfall intensity (Imax10) were 17 
mm and 45 mm h-1, respectively, for 242 events with >5 mm of  rainfall. Therefore, in 
terms of  total annual precipitation, the monitoring period did not deviate from typical 
precipitation conditions in the study area. Daily air temperature measured at a nearby 
climate station ranged from 19 to 35°C with little inter-annual variation (Siti et al., 2002). 
Streamwater of  C1 at baseflow is typically low in solute levels, indicated by low specific 
conductance <10 µS cm-1, and is slightly acidic (pH ≈ 5) (Zulkifli, 1996). During storms, 
stream water is characterized by an increase in specific conductance possibly due to a 
contribution of  relatively shallow subsurface flow (Zulkifli, 1996; Sammori et al., 2004). 
Representative forest species include Koompassia malaccencis, Canarium spp., Santiria spp., 
Syzygium spp., Dipterocarpus crinitus, Dipterocarpus kunstleri, Shorea leprosula; 
non-commercial rattan and bamboo (e.g., Gigantuchloa scortechinii) frequent on the lower 
slopes and valleys. Second-growth trees found in the study area are now typically < 30 m 
tall. 
Although C1 and C3 share similar climate, original vegetation, soils, and lithology 
owing to their close proximity, these two catchments are characterized by different forest 
management histories. In the 1960s, the entire C1 and C3 catchments were selectively 
harvested for commercial timber, and thus, became secondary forests (Saifuddin et al., 
1991). Afterwards, C1 was left undisturbed, but the entire C3 catchment was again 










Figure 2-4 View of  a) road cutslope and b) surface of  main logging road; note that there 
is conspicuous soil saprolite interface at an approximate depth of  1 m (shown by an arrow) 
(a) and exposed saprolite on the road surface (b). 
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logging road and skid trails constituted 3.2% and 6.5% of  the C3 catchment; roads are 
predominantly constructed by displacing surface soil down to at least the Bt-Bw horizon 
and sometimes cut into weathered bedrock (see Sidle et al., 2004 for more information on 
how areal proportion for each type of  land surface features were calculated; Figure 2-3 and 
2-4). The road system for initial extraction of  high value trees from the catchment was 
constructed in late 1999 with ground-based logging occurring in early 2000. This road was 
used for the subsequent sequence of  clear-felling, burning, and plantation of  commercially 
valuable trees, which eventually was implemented from late November 2003 to January 
2004. Unfortunately, the detailed records of  activities in the 1960s are not available. 
However, there were similar degrees of  disturbance in terms of  road density and 
vegetation condition based on field observation (personal communications, Ahmad Che 
Abdul Salam, Forest Research Institute Malaysia) in the area of  BTEW before the 
1999-2000 activities in C3. Although there existed remnant logging roads and skid trails 
within C1 at the time of  the present study, field observation during storms suggest that 
their surfaces were not major sources of  overland runoff  or fine sediment owing to 
vegetation cover as well as accumulation of  organic matter (leaves, twigs, and coarse woody 
debris). Hillslope surface soil is generally highly permeable (Ks = 0.9 - 2.4 × 103 mm h-1 at a 
depth of  2 cm); thus, HOF is likely negligible. Furthermore, saturated hydraulic 
conductivity within the soil profile tended to decrease with depth (Noguchi et al., 1997a; 
Ziegler et al., in review). The hillslopes of  C3 were well vegetated by the onset of  the 
present study with noticeable patches of  organic debris (slash) and scattered occurrences 
of  trees with diameter (DBH) >0.5 m. 
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2.2. Major monitoring locations 
Besides the outlets of  C1 and C3, extensive monitoring of  hydrological flux, sediment and 
solute export were conducted at several sites within the respective catchments.  
 
2.2.1 Sites within C1 
Within the relatively undisturbed catchment C1, three major monitoring sites were 
established to address questions that will be mostly examined in Chapters 3 and 4; these 
sites are a zero-order basin (ZOBC1), floodplain, and planar hillslope (Figure 2-5).  
2.2.1.1 ZOBC1 
ZOBC1 has an area of  approximately 1 ha and mean slope gradient of  45% (Figure 2-6). 
The lower portion of  ZOBC1 was characterized by two concave slopes without incised 
perennial channels. An abandoned logging road (mean width of  3.4 m) crosses the 
mid-basin slope. During some of  the heaviest storms in the wet season, I observed road 
runoff  generated predominantly by the interception of  subsurface flow (ISSF) from the 
road cutslope. All road runoff  drained onto the lower slope within the ZOBC1 at a 
conspicuous road runoff  drainage node (RN) whose HOF contributing area was estimated 
to be 20 m2. This exit point was likely a gully formed by historical existence of  much 
greater volumes of  HOF from the road surface (i.e., shortly after logging in the 1960s). 
After occasional large storms, road runoff  from RN typically traveled along the valley 
bottom of  the concave slope where return flow through several seepage points (including 
some definable soil pipes) emerged as overland flow forming a continuous flow path. 
However, such a flow line was discontinuous during smaller events because ISSF 
reinfiltrated along the valley bottom and also seepage return flow was not common. The 










Figure 2-6 Details of  zero-order basin (ZOBC1) within C1. Inset 1 shows the 
cross-sectional view of  the ZOBC1 channel head; inset 2 illustrates the soil profile at the 
channel head with locations of  soil pipes. 
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geomorphic break between the unchannelised ZOBC1 valley and the perennial channel at 
the base of  ZOBC1; a competent bedrock layer was exposed at the base of  the 1.5 m thick 
soil profile (Figure 2-6). Six soil pipes with outlet diameters > 1 cm were found within the 
exposed profile at the channel head (Figure 2-6 and 3-2). ZOBC1 runoff  observed at the 
soil profile, therefore, contained a mixture of  matrix and pipe flow from the soil profile 
that drained above the exposed bedrock, and any overland flow that originated further 
upslope. During non-storm periods in dry seasons, however, flow from ZOBC1 became 
intermittent and baseflow of  C1 was provided by groundwater seepage emerging through 
bedrock fractures approximately 5 m downstream of  the exposed soil profile (Figure 2-6). 
A preliminary survey of  soil physical characteristics and saturated hydraulic 
conductivity at several locations within the ZOB (see Figure 2-6) revealed a hydrologically 
impeding saprolite layer at a depth of  ~1 m, resulting in an abrupt decrease in saturated 
hydraulic conductivity at the Bt-Bw horizon boundary (approximately 50 cm deep) across 
the lower part of  the zero-order basin (Ziegler et al., in review). Furthermore, shallow 
organic-rich soil of  the ZOB was characterized by relatively high saturated hydraulic 
conductivity (10 cm depth; median of  about 1000 mm h-1) that greatly exceeded the 
prevailing rainfall intensity. Thus, it was presumed that stormflow generation due to HOF 
was negligible on hillslopes relative to other mechanisms such as saturation overland flow 
(SOF) or subsurface flow (SSF). 
 
2.2.1.2 Floodplain and planer hillslope 
The monitored planar hillslope along the north face of  main catchment valley is 180-m 
long with an average gradient of  33% (Figure 2-7). Preliminary soil depth surveys using 























Figure 2-7 Details of  floodplain and the foot of  planar hillslope within C1. Note that 
dark gray area within the floodplain denotes a saturated soil surface; the extent of  saturated 
surface area and subsurface water level for groundwater monitoring wells were both 
determined on 6 December 2002. S-S interface refers to the soil-saprolite interface. 
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of  the hillslope to floodplain indicated that depths are comparable to those found in 
ZOBC1; soil depth to saprolite layer is typically <1.5 m (see also Ziegler et al., in review). 
Based upon observations of  surface topography, a 25-m wide strip of  this hillslope was 
delineated as a hydrological unit (Figure 2-7). Using these dimensions (length = 180 m; 
width = 25 m), the maximum contributing area of  the planer hillslope was estimated as 
0.45 ha. A remnant logging road crosses the middle of  the hillslope strip, approximately 
100 m upslope of  the floodplain. This logging road belongs to the same road system that 
crosses through ZOBC1. The original road system was typically cut to a depth >1 m into 
the hillslope with noticeable exposures of  saprolite. Because this old road cut may have 
diverted a portion of  the subsurface flow from the upper slope along the road, a 
conservative estimate of  the maximum contributing area to the planer hillslope was 
calculated to be 0.25 ha (length =100 m; width = 25 m). This estimate of  hillslope 
contributing area was used in Chapter 4 to obtain unit-area hydrological flux from the 
hillslope. 
The riparian floodplain is 7-10 m wide measured perpendicular to the stream 
channel. Throughout the year the floodplain is waterlogged with the groundwater table 
typically fluctuating from the ground surface to a depth of  <0.3 m (Figure 2-7). Soil depth 
to the soil-saprolite interface in the floodplain is <1 m; the soil is characterized by high 
contents of  organic matter (approximately 20% of  dry mass). Due to the widespread 
saturated areas (see Figure 2-7), overland flow resulting from precipitation falling onto 
saturated soils (SOF) frequently occurred in the floodplain. There are also conspicuous 
seepage zones at the transition area from the foot of  the hillslope to the floodplain from 
which subsurface return flow emerges as saturated overland flow (Figure 2-7). Most of  the 
seepage return flow reached the stream channel as overland flow through one well defined 
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runoff  outlet (“runoff  outlet” in Figure 2-7). This seepage return flow continuously 
provided a component of  baseflow in C1 although there was a noticeable increase in flow 
rate after heavy storms, especially in wet seasons. Preliminary measurements of  saturated 
hydraulic conductivity using a falling head test in the groundwater monitoring wells 
(Hvorslev, 1951) yielded low hydraulic conductivity (i.e., < 10 mm h-1). Also given that 
relatively flat surface and small differences in hydraulic heads across the area characterize 
the floodplain, subsurface hydrological flux through the floodplain soil zone (to the stream) 
is likely minimal relative to hydrological flux via overland flow pathways; therefore, direct 
precipitation falling onto saturated areas, and seepage return flow from the 
hillslope-floodplain transition were the major components contributing to the changes in 
floodplain runoff.  
 
2.2.2 Sites within C3 
Within the recently disturbed catchment C3, a major monitoring station was established 
along the experimental road section (part of  the logging road network) to address 
questions that will be mostly dealt with in Chapters 5, 6, 7, and 8 (Figure 2-8).  
 
2.2.2.1 Experimental road section 
The experimental road section (length: 51.5 m; average width: 3.6 m; running surface area: 
183 m2; average gradient: 0.11 m m-1) constituted a portion of  the entire logging road 
network (total length: 690 m; width: 4.3 m; average gradient: 0.09 m m-1) (Figure 2-9 and 
10). Average saturated hydraulic conductivity of  a road surface in an adjacent catchment 
with a similar biogeochemical setting and management history was extremely low (2.6 × 










































Figure 2-9 Details of  the areas around the experimental road section. a) a view of  
ZOBC3; SB: slope boundary across which the road cut down to the saprolite layer; ZB: 
zero-order basin boundary, and b) a schematic diagram showing road runoff  nodes, 
ZOBC3 outlet, and the directions of  Hortonian road runoff; the shaded area on the road 
denotes noticeable rills where flow tended to concentrate; LB: logging road drainage 
boundary; A and B: gullies where road runoff  drained to the downstream system. Note 
that the picture in panel a) was taken in January 2004 immediately after the catchment was 








Figure 2-10 View of  a) road surface with occurrence of  Hortonian overland flow and b) 






running surface of  the entire logging road, and 21 and 9% of  the running surface in the 
experimental road section, respectively. Such exposures were largely observed within the 
remnant tire tracks of  backhoes, forwarders, and research vehicles and at the base of  the 
cutslope where overland flow concentrates. Preliminary investigation revealed that bulk 
density of  exposed subsoil on the road surface (>1.58 Mg m-3) was greater than that of  
undisturbed subsoil (<1.35 Mg m-3), indicating surface compaction (see also Noguchi et al., 
2003). Consequently, HOF prevailed on the road surface during most of  the 
small-to-moderate rainfall events (see Sidle et al., in press; Figure 2-10). The road section 
intercepts shallow subsurface flow (intercepted subsurface flow: ISSF) from the hillslope 
(0.4 ha) and any flow from a zero-order basin (ZOBC3, 0.14 ha, average gradient = 
0.40-0.45 m m-1) because the road cuts into bedrock (typical depth of  bedrock <1.5 m). 
The boundaries of  these contribution areas were delineated in the field based on subtle 
changes in surface topography (Figure 2-9a), which cannot be accurately depicted on the 
topographic map (Figure 2-9b). Such intercepted flow generally contributed to road runoff  
late in storm events following HOF, particularly during larger events (Sidle et al., in press). 
Road runoff  drained downslope through two naturally occurring runoff  nodes that formed 
extensive gullies directly linked to the stream (Sidle et al., 2004; Figure 2-9b). Within the 
hillslopes of  ZOBC3, surface soil was generally highly permeable (saturated hydraulic 
conductivity = 900-2400 mm h-1 at a depth of  2 cm; determined by the constant-head 
method [Klute & Dirksen, 1986]) and rarely produced HOF. However, based on field 
observations, the areas along the lower part of  the ZOBC3 valley occasionally generated 
Hortonian and/or saturation overland flow due to exposure of  low-permeability subsoil 
and relatively shallow soil (<0.7 m). 
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2.2.2.2 Rainfall monitoring stations 
Two open areas within C3 were used to monitor incident precipitation (Figure 2-11). As 
there were no such open places within C1, rainfall monitored within C3 was also used for 
C1 as representative of  rainfall in the area; these sites were within 400 m of  each other.  
Rainfall station A (Figure 2-11) was used from November 2002 until November 2003; the 
monitoring station was then relocated in station B (Figure 2-11) because active use of  the 

















Figure 2-11 Locations of  two rainfall monitoring sites within C3. Monitoring periods for 
stations A and B were 10 November 2002 - 22 November 2003, and 23 November 2003 - 























Chapter 3.  
Stormflow Generation within C1 Zero-order Basin 
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3.1. Chapter abstract 
Hydrological responses within a relatively undisturbed zero-order basin (ZOBC1), a 
portion of  whose discharge preferentially emerged via soil pipes, were examined over a 2-yr 
period to elucidate primary stormflow generation processes. Silicon (Si) and specific 
conductance (EC) in various runoff  components were also measured to identify flow 
pathways. ZOBC1 flow response was dependent on antecedent precipitation amount; 
runoff  increased linearly during events with precipitation > 20 mm in relatively wet 
antecedent moisture conditions. Runoff  derived from direct precipitation falling onto 
saturated areas accounted for < 0.2% of  total ZOBC1 flow volume during the study period 
indicating the predominance of  subsurface flow in ZOBC1 runoff. ZOBC1 runoff  (high 
EC and low Si) was distinct from perennial baseflow (via bedrock seepage with low EC and 
high Si) 5 m downstream of  the ZOBC1 outlet. Pipe flow quickly responded to ZOBC1 
flow rate and was characterized by a threshold flow capacity unique to each pipe. 
Piezometric data together with pipe flow rates demonstrated that pipes located deeper in 
the soil initiated first followed by pipes at shallower depths; initiation of  pipe flow 
corresponded to shallow groundwater rise above the saprolite-soil interface. Chemical 
signatures of  pipe flow were similar to each other and to ZOBC1 runoff, suggesting that 
their sources were well mixed soil-derived shallow groundwater. Based upon the volume of  
pipe flow during storms, the combined contribution of  monitored pipes accounted for 
48% of  total ZOBC1 flow during the study period. The findings suggest that shallow 
groundwater possibly facilitated by preferential flow that accreted above the saprolite-soil 
interface was the dominant stormflow contribution, and that soil pipes played important 
roles in the rapid delivery of  solute-rich water to the stream system. 
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3.2. Chapter introduction 
Understanding hydrological processes that ultimately affect movement of  solutes and 
sediment within and from catchments to downstream areas is critical to identify sensitive 
areas and promote sustainable land use with minimal environmental impacts. In temperate 
regions, forest hydrologists and geomorphologists have elucidated various processes within 
headwater areas suggesting the relatively dynamic nature of  hydrologic, mass wasting, and 
erosion processes (Anderson & Burt, 1978; Dietrich & Dunne, 1978; Tsukamoto & Ohta, 
1988; Montgomery, 1994; Sidle et al., 2000; Tsuboyama et al., 2000; Uchida et al., 2003). In 
the tropics, however, few studies have been conducted, thus it is difficult to extrapolate the 
limited results to other areas (Bonnel & Gilmour, 1978; Elsenbeer et al., 1995a, 1995b; 
Elsenbeer & Lack, 1996). 
In forest soils of  humid regions, various biophysical processes including animal 
burrowing, development and decay of  root systems, and periodic drying-wetting of  soil 
contribute to the formation of  relatively large soil pores (Jones, 1971; Beven & Germann, 
1982; Noguchi et al., 1997b, 1999). Connected forms of  such pores may provide 
preferential pathways, which transmit water rapidly as pipe flow compared with 
Darcian-controlled flow through soil matrix (e.g., Beven & Germann, 1982; Mosley, 1982; 
Sidle et al., 2001). Numerous studies have demonstrated significant hydrological fluxes 
attributable to pipe flow during storms in forest soils of  temperate regions (Mosley, 1979; 
Tsukamoto & Ohta, 1988; Wilson et al., 1990; Kitahara et al., 1994). In tropical regions, 
however, only a few studies have examined roles of  soil pipes on stormflow generation and 
delivery by continuously monitoring solute and water export from individual pipes. For 
instance, Noguchi et al. (1997b) described the presence of  connected soil pores by applying 
dye to the ground and related them to possible preferential flow pathways whereas several 
 33
other studies measured flow rates and as well as solute constituents of  pipe flow (Walsh & 
Howells, 1988; Elsenbeer et al., 1995a; Elsenbeer & Lack, 1996). Moreover, relatively little is 
known about the role of  soil pipe flow related to solute delivery and thus control of  
downstream runoff  chemistry (see Luxmoore et al., 1990; Elsenbeer et al., 1995a). 
The objectives of  this chapter are: (1) to determine dominant stormflow 
generation processes of  ZOBC1 using both hydrometric and hydrochemical approaches, 
and (2) to examine the specific mechanisms of  pipeflow generation as well as the 
contribution of  pipe flow to basin stormflow. Whether stormflow is generated by overland 
flow or through subsurface pathways has a large effect on stormflow chemistry because of  
the varying contact times of  water with solute-rich soil horizons relative to rainfall inputs 
(e.g., Mulholland, 1993; Elsenbeer & Lack, 1996). In particular, therefore, I attempted to 
quantify contributions of  overland flow – i.e., infiltration-excess overland flow (Hortonian 
overland flow; HOF) and saturation overland flow caused by direct precipitation onto 
saturated soil surfaces (DPSA), relative to subsurface flow (SSF) in stormflow generation. 
In this study, saturation overland flow (SOF) hereafter refers to runoff  generated from 
DPSA. Any subsurface flow emerging to the surface including intercepted subsurface flow 
(ISSF) on the abandoned logging road was treated as SSF because this water had contact 




3.3.1 Hydrometric approaches 
Any flow draining from the ZOB (ZOBC1 is referred to as ZOB hereafter in this chapter) 
above the exposed bedrock (total ZOB flow) was monitored during a 2-yr period between 
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11 November 2002 and 10 November 2004 (Figure 3-1). Additionally, flow from four pipes 
(pipe flow 1, 2, 3, and 4), a bedrock seep (BR flow), and overland flow from the road node 
(RN flow) were separately measured for varying periods (Figure 3-2; Table 3-1). A PVC 
gutter cemented to exposed bedrock directed the total ZOB flow to a 60° v-notch weir 
(ZOB weir). PVC pipes led from pipes 1 and 3 to a 60° v-notch weirs and from pipe 2 to a 
tipping bucket (capacity of  31 ml); outflows of  these three pipes were then directed to the 
ZOB weir and measured as a part of  total ZOB flow. Flow from pipe 4 was directed via a 
PVC pipe to a tipping bucket (capacity of  400 ml) downstream of  the ZOB weir due to 
limited space availability in the area; flow rate of  pipe 4 was included when calculating the 
total ZOB flow rate. Pipe outlets were maintained by fixing the PVC pipes to the soil pipe 
contact face with rapid-setting cement. The BR outlet was separated from other sources by 
diverting channel flow (i.e., total ZOB flow) using PVC sheeting into a 60° v-notch weir. 
The BR outlet was continuously wet throughout the monitoring period, making it 
impossible to apply cement. Thus, one end of  a PVC pipe was cut to fit the surface 
topography of  bedrock face around the BR outlet and attached as tightly as possible by 
filling the contact area with clay-rich subsoil. Road runoff  was monitored by cementing a 
galvanized zinc sheet into the node outlet; runoff  was diverted to a tipping bucket of  400 
ml capacity. Flow rates at weirs and tipping buckets were monitored with water level 
sensors at 3-min intervals (WHR, TruTrack, NZ) and pulse data loggers (HOBO, Onset, 
USA), respectively. To monitor incident precipitation, a tipping bucket raingauge equipped 
with a pulse logger (HOBO, Onset, USA) was relocated from one site to another open area 
(both within 200-400 m of  the outlet of  C1) due to active use of  the logging road in C3 
after December 2002 (see Figure 2-11). 
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Figure 3-1 Instrumentations within the zero-order basin in C1 (ZOBC1). For the 





Figure 3-2 View of  channel head areas of  the zero-order basin within C1; a) ZOBC1 
weir and soil profile, and b) soil pipes 2, 3, and 4 on the soil profile. Details of  the soil 
profile are provided in Figure 3-1 and text (see the section 2.2.1.1). 
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Table 3-1 General characteristics of  a) soil pipes, bedrock fracture, road runoff  node, zero-order basin outlet and 2) piezometer nests. 
ADiameter of  pipes were measured along the longest axis with a stick; BSize of  pipes were calculated using the average of  diameter A and 
another diameter measured perpendicular to diameter A; cLength of  the pipes from the outlet was determined by inserting a straight solid stick. 
dFlow rate of  runoff  node exceeded the capacity of  the tipping bucket (i.e., 400 ml s-1). SP and DP denote shallow and deep piezometers, 
respectively. N.A.: not applicable. 
 




Length measurable from 
the outlet c (cm) 
Maximum flow rate 
recorded (l s-1) Monitoring period 
Pipe 1 7.5 33.2 80 3.4 May 2003 – Nov. 2004 
Pipe 2 3.0 4.9 20 0.04 May 2003 – Nov. 2004 
Pipe 3 4.3 13.5 20 1.4 May 2003 – Nov. 2004 
Pipe 4 2.8 5.7 7 0.07 May 2003 – May 2004 
Pipe A 5.5 21.6 15 N.A. N.A. 
Pipe B 4.5 11.0 15 N.A. N.A. 
Bedrock fracture N.A. N.A. N.A. 0.57 April 2004 –Nov. 2004 
Road runoff  node N.A. N.A. N.A. > 0.4d May 2003 – Nov. 2004 
Zero-order basin N.A. N.A. N.A. 36.4 Nov. 2003 – Nov. 2004 
      
b)      
Duration of  responses   
SP depth (cm) DP depth (cm) 
SP DP 
Monitoring period 
Piezometer nest 1 47 80 3.6 days 10.9 hours April 2004 – Sep. 2004 
Piezometer nest 2 54 86 2.9 days 16.1 hours April 2004 – Sep. 2004 
Piezometer nest 3 42 75 3.2 hours NONE April 2004 – Sep. 2004 
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Three piezometer nests were installed in the ZOB (P1, P2 and P3) to monitor the 
development of  hydraulic head relative to the ground surface (Figure 3-1). Each of  the 
nests had two piezometers positioned 50 cm apart at depths corresponding to (1) the 
saprolite-soil interface (deep piezometers) and (2) the Bt-Bw horizon boundary (shallow 
piezometers) determined by direct observation from auger holes (Table 3-1). In addition, a 
single piezometer (Psat) was installed 5 m upslope of  the channel head soil profile at the 
depth of  the saprolite-soil interface. Piezometers were constructed from 5-cm diameter 
PVC pipe, the lower perforated 20 cm of  which was covered with 233-µm Nitex net to 
prevent sedimentation. Piezometer responses at 3-min intervals were monitored for varying 
periods of  time using water level sensors (WHR, TruTrack, NZ; Table 3-1). 
 
3.3.2 Hydrochemical approaches 
Both silicon concentrations (Si) and specific conductance (EC) were used to distinguish 
primary sources of  various runoff  types and to elucidate dominant stormflow pathways. 
These parameters were selected because silicon serves as a good tracer of  relatively deep 
groundwater (e.g., Kennedy, 1971), whereas Zulkifli (1996) suggested that shallow 
throughflow was likely characterized by high EC among other sources in C1. Si and EC 
were measured in water samples collected from several locations at various times 
throughout the study period. Sampling locations included rainfall stations, piezometers (Psat 
and P1-deep), and various runoff  outlets (ZOB flow, BR flow, and pipe flows). Rainfall 
samples were collected by bulk sampling via polyethylene funnels; piezometer samples were 
extracted using a hand pump; and runoff  was collected as grab samples.  
At least once every two months, these locations were sampled between 
09:00-11:00 for periods when no storms occurred later than 24:00 of  the previous day. 
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However, variable sets of  samples were obtained depending on different seasonal 
conditions (i.e., wet or dry seasons). The rainfall samples contained both the dry and wet 
deposition because the funnels were not rinsed before each storm event. During this rather 
sporadic monitoring, BR runoff  was collected to characterize chemical signatures of  
groundwater only when ZOB runoff  ceased during dry conditions. Thus, these samples 
were referred to as “non-event period” samples. Additionally, these locations were 
intensively sampled during three consecutive events in November 2004 to characterize 
event-induced dynamic responses of  chemical characteristics of  discharge from ZOB and 
pipes, as well as BR. For this event-based sampling, samples were collected from BR when 
total ZOB runoff  occurred, thus allowing examination of  BR response during storm 
events. Furthermore, EC in ZOB flow was monitored at 5-min intervals (YSI 6000 probe; 
Yellow Spring Incorporated., USA) and in BR outflow at 10-min intervals (Thermo Orion 
635; Thermo Orion, USA). Water samples were immediately filtered through pre-ashed 
GF/F filters (pore size of  0.7 µm; Whatman, UK) on the same day of  collection and split 
into two sub-samples. One of  the filtrates was immediately measured for specific 
conductance (YSI 63, Yellow Spring Incorporated., USA) while the other was analyzed for 
silicon (ICP-OES, PerkinElmer, USA) within two weeks. Solute concentrations were 
determined against calibration curves established for respective solutes using a blank 
(ultrapure water; Millipore, USA) and five standards (i.e., 0.1, 0.5, 1, 5, and 10 mg l-1). 
Incident rainfall chemistry was based on the mean of  the sub-samples from the two rainfall 
gauging sites. As pipe 4 was measured outside the ZOB weir, chemical characteristics of  
total ZOB flow excluded the influences of  pipe 4. 
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3.4. Data analyses 
 
3.4.1 ZOB flow separation 
Rainfall events were defined as a ‘storm’ if  at least 5 mm of  total rain fell with no periods 
of  unmeasured rainfall for > 60 min. To examine storm-based runoff  from the ZOB, flow 
hydrographs were separated as follows:  
CASE 1 (see Figure 3-3a): When ZOB runoff  ceased before the onset of  the storm and no 
additional storm precipitation occurred, all runoff  from the ZOB was considered 
to be stormflow.  
CASE 2 (see Figure 3-3b): When ZOB runoff  ceased before the onset of  the storm but 
received additional storm precipitation after the ‘event’ ceased, but before the flow 
ceased, I extended the ‘event’ falling limb downwards using the falling rate 
measured 0.5 to 1.5 h prior to the onset of  the subsequent storm; thus stormflow 
from the ZOB was assessed as all stormflow under the modified hydrograph (i.e., 
using the modified recession limb).  
CASE 3 (see Figure 3-3c): When flow occurred in the ZOB prior to an ‘event’ (i.e., 
contribution from a previous storm), ZOB flow was determined as the area under 
the ‘event’ hydrograph after subtracting the extended hydrograph area for the 
preceding storm determined as in case 2.  
CASE 4 (see Figure 3-3d): When flow contributions occurred in the ZOB both from 
preceding events (as in case 3) as well as rainfall after the storm ‘event’, but prior to 
the cessation of  runoff  (as in case 2), ZOB flow was estimated by the combined 
methods described for cases 2 and 3. 



























Figure 3-3 Schematic diagrams showing four cases of  ZOB flow separation: (a) case 1, (b) 
case 2, (c) case 3, and (d) case 4. See the text for details about each of  the cases. 
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rates and those due to the preceding event decreased to at least 20% of  their respective 
maximum peak flow rates. For these storms, 7-day antecedent rainfall index (ARI7) was 
calculated as an index of  soil moisture (Mosley, 1982). 
 
3.4.2 SOF estimation 
An indirect method was used to estimate soil surface saturation and thus the contribution 
of  SOF to total ZOB flow. Frequent field observations and preliminary examination of  
data from piezometers, rain gauges, and the ZOB weir indicated that ground surface 
saturation occurred during some large storms. When ISSF occurred at the road cut bank, 
road runoff  draining from the runoff  node (RN) together with seepage return flow 
developed ground saturation, particularly along the concave valley bottom slopes near the 
ZOB outlet (Figure 3-1). Occurrence of  ISSF was easily detectable by a sudden increase in 
flow rate at the road node to a level that continuously exceeded the capacity of  tipping 
bucket (at the flow rate of  > 400 ml s-1 for periods > 60 min). After removing ISSF-driven 
road runoff  from total RN flow volume by assuming that any runoff  at RN that occurred 
30 min after the cessation of  storm precipitation was totally attributable to ISSF, 
road-generated HOF that drained down through RN was only ≈15% of  the rainfall input 
on the road surface area, constituting a minor contribution to catchment runoff. The 
relatively small amount of  HOF road runoff  was largely due to interception loss by 
vegetation and ponding and infiltration caused by the litter-rich surface. Furthermore, 
occurrence of  surface saturation at piezometer Psat (see Figure 3-1), which was prerequisite 
for the formation of  saturation areas around the ZOB outlet, was indicated by piezometric 
responses up to the ground surface only when substantial ISSF input was measured at RN. 
Therefore, it was assumed that only the storms in which cutslope interception occurred 
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promoted continuous ground surface saturation on the road, along the valley bottom, and 
in the relatively gentle areas near the center of  the concave slopes, thus potentially 
contributing SOF to the ZOB outlet. Maximum saturation areas were estimated by field 
observations after several intense storms augmented by evidence of  conspicuously thinner 
litter layer due to return flow and overland runoff  (i.e., 5 December 2002, 25 September 
2003, and 7 October 2003). Using the estimated maximum saturation area of  138 m2 (see 
the “estimated maximum saturation area” in Figure 3-1) and total rainfall accumulated after 
the initiation of  road interception, the potential SOF volume that contributed to total ZOB 
flow was estimated. 
 
3.4.3 Pipe flow responses and contribution 
Event-based pipe contributions to total ZOB runoff  were estimated only for storms that 
met the following two conditions: (1) total ZOB volume was successfully separated and (2) 
flow measurement devices for all four pipes were functional. Pipe flow was separated using 
the same approach outlined for the ZOB flow separation. The relationships between flow 
rate of  each pipe to total ZOB flow were established by best-fit regression models based 
on data collected throughout the study period. These models were used to estimate pipe 
flow rate when direct measurements were not available either because of  malfunctioning or 











Figure 3-4 Frequency distribution and runoff  responses of  storm events observed 
between November 2002 and November 2004. Open circles and bars denote storms with 
ARI7 < 30 mm; closed circles and bars corresponded to storms with ARI7 ≥ 30 mm. 
Numbered storms are those during which interception of  subsurface flow was observed at 
the road runoff  node; more detailed information on these events is shown in Table 3-2. 
Dotted lines indicate regression lines that significantly predicted runoff  depth from 




3.5.1 ZOB flow responses 
A total of  242 storms was observed during this study (11 November 2002 – 10 November 
2004); median total precipitation and median 10-min maximum rainfall intensity (Imax10) 
were 17 mm and 45 mm h-1, respectively (Figure 3-4). Precipitation from defined storms in 
this study accounted for 89% of  the total precipitation (6287 mm). Hydrograph separation 
of  ZOB was successful for 86 storms representing 41% of  the total storm precipitation 
(Figure 3-4). Runoff  response was dependent on antecedent rainfall index. The threshold 
precipitation for stormflow generation with ARI7 < 30 mm and ARI 7 ≥ 30 mm appeared 
to be about 50 mm and 20 mm, respectively (Figure 3-4). Excluding the storms below these 
thresholds, linear regression models significantly predicted total ZOB runoff  from incident 
precipitation: y = 0.8316x – 19.218, r2 = 0.95, p < 0.001, n = 22; y = 0.427x – 20.665, r2 = 
0.42, p < 0.05, n = 8 (Figure 3-4). 
 
3.5.2 Contribution of  SOF due to DPSA 
Conditions favorable for SOF generation occurred during seven relatively large storm 
events from the population of  storms to which stormflow separation techniques were 
applied (Figure 3-4; Table 3-2). Estimated runoff  caused by saturation overland flow (SOF) 
due to direct precipitation on saturated areas (DPSA) for these events ranged between 0 – 
1.3 mm, comprising 0 – 0.12% of  event-based total ZOB runoff  (Table 3-2). During the 
study period, no other storms exceeded the conservative thresholds for SOF generation 
inferred during these events (i.e., total precipitation > 73 mm, Imax10 > 70 mm h-1, and ARI7 



















1 2 May 2003 126.8 389 148.8 69.9 1.27 
2 7 Oct. 2003 85.5 234 109.8 32.3 0.62 
3 9 Nov. 2003 76.2 218 76.9 179 0.06 
4 12 Nov. 2003 82.5 232 111.8 192 0.46 
5 29 April 2004 86.5 120 141.8 18.3 0.06 
6 2 Nov 2003 73.0 343 69.9 93.5 0 
7 5 Nov 2004 79.2 127 101.8 148 0.16 
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3.5.3 Pipe flow responses and contribution 
Examples of  pipe flow responses are presented for three storms with varying event total 
precipitation (PRT), antecedent conditions, and rainfall intensities on 7 Oct 2003 (PRT=86 
mm, ARI7=32.3 mm, Imax10=110 mm h-1), July 4 2004 (PRT=76 mm, ARI7=0 mm, 
Imax10=104 mm h-1), and 31 August 2004 (PRT=25.4 mm, ARI7=6.6 mm, Imax10=25.2 mm 
h-1). A relatively small storm on 31 August 2004 resulted in immediate responses of  pipes 3 
and 4; pipe 4 initiated first followed by pipe 3; the combined contribution of  pipe flow to 
total ZOB flow ranged between 0-60% of  total ZOB flow and its response corresponded 
well to that of  total ZOB flow (Figure 3-5). During this event, Psat did not register any 
response. A larger storm with dry antecedent conditions on 4 July 2004 resulted in 
discharge from all pipes; flow initiated in pipes 3 and 4 earlier than in pipes 1 and 2. The 
combined contribution of  pipe flow to total ZOB ranged between 0-60% and pipe 
discharge corresponded closely to total ZOB flow rate (Figure 3-6). However, the timing 
of  the larger discharge from pipe 1 occurred when relatively low discharge occurred from 
the other pipes (Figure 3-6e). During this event, Psat indicated the development of  a 
hydraulic head near to the ground surface (Figure 3-6c). The similarly large storm on 7 
October 2003 with high antecedent rainfall conditions resulted in discharge from all four 
pipes; flow initiated from pipes 3 and 4 earlier than from pipes 1 and 2. The contribution 
of  all four pipes to total ZOB flow ranged between 0-70%; however, in this case, the 
contribution of  combined pipe flow decreased considerably when total ZOB discharge was 
high (Figure 3-7). During this event, Psat indicated the development of  a hydraulic head to 
the ground surface (Figure 3-7c). Thorough examinations of  other events showed that pipe 
flow generally initiated from the two lower pipes followed by those at higher positions 
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Figure 3-5 a) precipitation, b) responses of  total ZOB flow and combined pipe flow, c) 
responses of  individual pipes, and d) the relative contribution of  pipe flow during an event 
on 31 August 2004 (PRT=25.4 mm, ARI7=6.6 mm, Imax10=25.2 mm h-1). Note that the 









































































































depth of saprolite-soil interface
 
Figure 3-6 a) precipitation, b) responses of  total ZOB flow and combined pipe flow, c) 
response of  total head of  Psat, d) responses of  individual pipes, and e) the relative 
contribution of  pipe flow during the event on July 4 2004 (PRT=76 mm, ARI7=0 mm, 
Imax10=104 mm h-1). Note that the legend of  Figure 3-6e corresponds to those of  Figure 







































































































depth of saplorite-soil interface
 
Figure 3-7 a) precipitation, b) responses of  total ZOB flow and combined pipe flow, c) 
response of  total head of  Psat, d) responses of  individual pipes, and e) the relative 
contribution of  pipe flow during the event on 7 Oct 2003 (PRT=86 mm, ARI7=32.3 mm, 
Imax10=110 mm h-1). Note that the legend of  Figure 3-7e corresponds to those of  Figure 
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Figure 3-8 a) logarithmic models that relate total ZOB flow rate to flow rate of  
individual pipes, which were derived from monitoring of  pipe flow rate during the study 
period; see Table 3-3 for the model details, and b) contribution of  individual pipes against 
total ZOB flow rate. Note that x-axes on both panels and y-axis on panel a) are on 
logarithmic scales. 
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Table 3-3 Regression models that predict instantaneous pipe flow rate (y) from zero-order 
basin flow rate (x). 
 
 
Pipe name Regression R2 P n 
Pipe 1 y = 0.63loge-(x) + 0.59 0.88 < 0.01 18654 
Pipe 2 y = 0.0052loge-(x) + 0.0078 0.45 < 0.05 3783 
Pipe 3 y = 0.05loge-(x) + 0.15 0.79 < 0.01 12555 
Pipe 4 y = 0.093loge-(x) + 0.04 0.74 < 0.01 32101 
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less frequently compared with the other two pipes; in general, larger storms were required 
to initiate discharge from the upper pipes in the soil. Nevertheless, when flow did occur 
from pipe 1 (uppermost location), it completely dominated total pipe discharge.  
Pipe flow rates were significantly predicted against total ZOB flow rates by 
logarithmic regressions (Figure 3-8 and Table 3-3). Pipes were characterized by varying 
initiation discharges as well as varying rates of  increase against total ZOB flow. Discharge 
occurred earliest from pipe 4, followed by pipes 3, 2, and 1. Flow from each pipe appeared 
to reach a threshold value, after which little increase was observed with further increases in 
total ZOB runoff. Within the range of  total ZOB flow rates observed during the study 
period (i.e., maximum of  33 l s-1), the maximum flow rates were attained from pipe 1 (2.8 l 
s-1), followed by pipe 3 (0.3 l s-1), pipe 4 (0.07 l s-1) and pipe 2 (0.03 l s-1); this order was 
related to the size of  pipe outlets and likely the upslope connectivity of  the preferential 
flow network (see Table 3-1a). Conversion of  individual pipe discharge to a proportional 
contribution to ZOB flow showed that each pipe responded uniquely; maximum to total 
ZOB flow were 60%, 43%, 31%, and 2% for pipes 1, 3, 4, and 2, respectively. 
Event-based contributions of  pipes to total ZOB runoff  were successfully 
obtained for a total of  49 storms. Contributions of  pipes were variable depending upon 
storm precipitation and these patterns differed among the pipes (Figure 3-9). The 
combined contribution of  the four pipes characterized by a polynomial model ranged from 
20 - 60%, with the peak contribution occurring around a total storm precipitation of  50 
mm (Figure 3-9a). Contributions of  pipes 1 and 2 were both characterized by polynomial 
models with their maximum contribution observed during events with total precipitation 
>60 mm (Figure 3-9b and c). In contrast, contributions of  pipes 3 and 4 were best 
described by negative exponential decay curves with their greatest discharge relative to the  
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Figure 3-9 Event-based contributions of  a) four pipes combined, b) pipe 1, c) pipe 2, d) 
pipe 3, and e) pipe 4. Note that relationships in panels a), b) and c) were polynomial 



















































































y = -0.07x2 + 0.67x + 41.8, p < 0.001<, R2 = 0.30
y = -0.009x2 + 1.26x -10.3, p < 0.001<, R2 = 0.59
y = -0.0001x2 + 0.02x - 0.08, 
p < 0.001<, R2 = 0.41
y = 29.8e(-0.01x), P<0.001, R2=0.24
y = 27.3e(-0.02x), P<0.001, R2=0.64
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other pipes occurring during storms with < 30 mm precipitation (Figure 3-9d and e). 
 
3.5.4 Piezometric responses 
The deeper piezometer response was much more frequent compared with that of  the 
shallow piezometers (Table 3-1 and Figure 3-10). For most cases, no hydraulic head 
occurred in the shallow piezometers (P1 and P2) until the deeper piezometers responded to 
approximately the depth of  the shallow piezometers; subsequent increases in piezometric 
heads for both deep and shallow piezometers were similar (Figure 3-10). Greater total head 
in the shallow piezometer relative to the deep piezometer was observed during the early 
stages of  a few intense storms (i.e., 29 April and 4 July 2004), and a storm (6 July 2004) 
that occurred 2 h after a 22-mm storm (Figure 3-10). Such responses suggest infrequent 
occurrences of  relatively shallow perched water tables and thus possible lateral throughflow 
at the Bt-Bw boundary. In contrast, the shallow piezometer never responded in nest 3.  
 
3.5.5 Sporadic measurements of  rainfall, runoff, and saturated soil water 
Silicon and specific conductance were significantly different among various sources (i.e., 
incident rainfall, BR flow, pipe flow, and samples from the piezometers) (Figure 3-11: p < 
0.001 for both variables using one-way ANOVAs). Silicon concentration was the highest in 
BR flow and lowest in the incident rainfall; other locations had intermediate levels of  Si. 
Specific conductance was lowest for incident rainfall and highest for soil pipes, total ZOB 
runoff  and piezometer samples; BR discharge had an intermediate value. 
 
3.5.6 Intensive event monitoring of  rainfall, runoff, and saturated soil water 





Figure 3-10 A) responses of  deep piezometers relative to total ZOB flow; dotted lines 
correspond to the depth of  shallow piezometers (SP). B) responses of  SP relative to deep 
piezometer (DP); dotted 1:1 lines predict the relationship between SP and DP when 












































































Figure 3-11 Silicon concentration and specific conductance of  various sources measured 
in “non-event period” monitoring. P-1, P-2, P-3, and P-4 denote pipes 1, 2, 3, and 4, 
respectively. Numbers in brackets besides source ID denotes sample sizes. Letters above 
bars indicate the results of  Tukey’s multiple comparison following one-way ANOVAs that 
were separately conducted for the two variables; data for specific sites accompanied with 
different letters were statistically different. 
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Figure 3-12 For three storms in November 2004, the following data are shown: a) 
precipitation, b) flow rate of  the ZOB and pipe 1, c) flow rate of  pipe 2, 3 and BR, d) 
specific conductance, and e) silicon concentration from various sources: sources are 
zero-order basin (ZOB), soil pipes, and bedrock (BR). Note that data for the pipe 4 is not 
shown because monitoring was terminated in May 2004. Missing flow response of  pipe 2 
was caused by shortage of  data storage in monitoring instruments. 
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recession after storms was more abrupt than recession discharge from pipes. Specific 
conductance of  BR flow was much lower compared to that of  the other active drainage 
from the other sources (i.e., pipes 1 and 3, and total ZOB runoff) measured at the ZOB 
outlet before events. During events, specific conductance of  BR flow increased 
proportional to flow, but was still lower than that of  pipe and ZOB flow. Total ZOB flow 
exhibited periods of  reduced specific conductance (regions B in Figure 3-12) that matched 
the pattern of  incident rainfall; rainfall had the lowest specific conductance of  all sources. 
Shortly after peak flows, specific conductance of  total ZOB discharge was higher 
compared to pre-event values (regions A in Figure 3-12). Specific conductance of  all pipe 
flow was undistinguishable from levels in total ZOB flow, except the relatively low value 
for pipe 2 (Figure 3-12). Silicon concentrations were lowest for rainfall, highest for BR 
discharge, and intermediate for both total ZOB flow and pipe flow (Figure 3-12). 
Unexpectedly low levels of  both specific conductance and silicon concentrations in pipe 2 
samples were apparently caused by the influence of  event-water due to its proximity to the 
valley bottom (see Figure 3-1).   
 
3.6. Discussion 
Elucidation of  stormflow generation processes has long been a central issue in 
hydrogeomorphology because it forms the basis for developing process-based models of  
runoff  generation, transport of  materials (i.e., nutrient, pollutants, and sediment), and 
landform evolution. Although such knowledge could provide critical insights into spatially 
explicit predictions of  land use activities on catchment processes, few attempts have been 
made to elucidate stormflow generation processes in tropical environments. The findings 
of  this chapter demonstrate that subsurface flow pathways provide the dominant 
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stormflow pathway in a zero-order basin of  Peninsular Malaysia. In particular, the 
hydrologically impeding saprolite-soil interface played a role in the accretion of  solute-rich 
shallow groundwater. Furthermore, active pipe flow appeared to be connected to the 
sources above the saprolite-soil interface with different sets of  soil pipes providing an 
efficient drainage network in response to increasing precipitation. 
 The dominant contribution of  saturation overland flow caused by direct 
precipitation on saturated areas (DPSA) was emphasized in early studies on stormflow 
generation in gently sloping temperate regions (e.g., Dunne & Black, 1970). Subsequent 
studies in generally steeper (more incised) topography demonstrated the predominance of  
subsurface flow in hydrograph formation (e.g., Mosley, 1979; Pearce et al., 1986; Tsukamoto 
& Ohta, 1988; Wilson et al., 1990; Sidle et al., 1995). Mechanisms of  subsurface drainage 
sufficiently rapid to augment storm hydrographs have been partly explained by the 
existence of  preferential flux via soil pipes (e.g., Mosley, 1979, 1982; Tsukamoto & Ohta, 
1988; Kitahara et al., 1994; Uchida et al., 1999). On the other hand, the literature on 
stormflow generation processes in humid tropical regions underscores the importance of  
limited infiltration capacity at shallow depths relative to ambient rainfall intensity and the 
resultant dominance of  overland flow generated on saturated surfaces or as return flow 
originating from shallow soil horizons. For example, stormflow generation was explained 
by extensive saturation of  the surface 20 cm of  soil and DPSA-driven overland flow in 
South Creek of  tropical Australia (Bonnel & Gilmour, 1978; Elsenbeer et al., 1995b). 
Moreover, Elsenbeer & Lack (1996) provided information on a western Amazonian 
catchment where subsurface return flow from the surface 10 cm constitutes the major 
portion of  the storm hydrograph (see also Elsenbeer & Cassel, 1990; Elsenbeer et al., 
1995a). 
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Interactions amongst various soil properties, geomorphic features, and rainfall 
characteristics determine the predominant hydrological pathways in stormflow generation 
(e.g., Freeze, 1972; Tsukamoto & Ohta, 1988; Sidle et al., 2000). Catchments in South Creek, 
Australia and western Amazonia were both characterized as conducive to overland flow 
generation; below a shallow soil horizon (~10-20 cm) saturated hydraulic conductivity 
abruptly decreased (Bonnel & Gilmour, 1978; Elsenbeer & Cassel, 1990; Elsenbeer et al., 
1995a). In contrast, soil was deeper in BTEW (i.e., ≈ 1 m deep) with a hydrologic impeding 
saprolite layer occurring beneath the soil. Despite the very low saturated hydraulic 
conductivity (i.e., < 2 mm h-1) below the Bt-Bw transition (Ziegler et al., in review), the 
development of  a perched water table at this depth was not the dominant influence on 
runoff  generation perhaps due to the existence of  a spatially heterogeneous preferential 
flow network that allows vertical percolation and lateral transport of  precipitation inputs 
(see Noguchi et al., 1997b; Noguchi et al., 1999; Sidle et al., 2001). A possible explanation for 
the observed phenomenon is that vertical and lateral preferential flow pathways may 
facilitate the observed accretion of  a saturated zone at the saprolite-soil interface (as 
evidence by piezometric measurements), thus contributing to this subsurface flow 
mechanism. Nevertheless, such subsurface water accretion rarely reached the ground 
surface indicating the overriding importance of  subsurface flow pathways, strongly 
influenced by preferential flow via pipe 1, relative to SOF caused by DPSA. 
 Sources of  subsurface runoff  can be classified into those originating from deep 
groundwater sources and those deriving from saturated soil zones within the relatively 
shallow soil zone above hydrologically impeding layers. Because these various pathways 
generally differ in resident time and contact materials, chemical signatures of  solutes tend 
to show distinctions (e.g., Mulholland, 1993). In the present study, ZOB flow (including 
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flow from pipes) was considerably different, both in EC and Si, from BR discharge that 
provided baseflow during rather dry periods (Figure 3-11). Zulkifli (1996) related EC of  
stream water to concentrations of  solutes such as nitrate and potassium that originated 
from shallow organic-rich soil horizons in BTEW C1. Furthermore, concentration of  Si 
tends to be high in deep ground water sources (Kennedy, 1971). Therefore, chemical 
signatures of  ZOB stormflow runoff  (high EC and low Si) and BR (low EC and high Si) 
are consistent with the view that the primary source of  ZOB flow is relatively shallow 
saturated soil water above the saprolite-soil interface. Recent studies have emphasized 
hydrological interaction of  vadose and bedrock zones and preferential pathways through 
bedrock fractures (e.g., Montgomery et al., 1997; Anderson et al., 1997). Furthermore, 
Uchida et al. (2002, 2003) suggests that deep ground water recharge may occur during 
stormflow near the outlet of  unchanneled basins based on higher silica concentrations and 
colder water temperatures relative to those expected for shallow groundwater. In this study, 
sporadic measurements of  Si and EC taken from piezometers during several storms in 
2003 and 2004 showed no difference between two locations at near the ZOB outlet and 
approximately 15 m upslope (Figure 3-1 and 3-11). More importantly, BR discharge had a 
pronounced influx of  solute-rich shallow groundwater high in EC during events (Figure 
3-12); reduced specific conductance of  ZOB discharge during events was apparently 
caused by the influx of  event water. Therefore, these results suggest that the ZOB flow 
that I monitored mostly contained hydrological fluxes derived from the shallow soil zone 
above the saprolite-bedrock. Furthermore, interactions between the shallow soil zones and 
saprolite-bedrock zones was mostly facilitated by the gradual percolation of  the accreted 
shallow groundwater within the shallow soil zone to deeper groundwater sources within 
saprolite and bedrock perhaps through fractures rather than the recharge of  water from 
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deep groundwater sources mixing with water within the soil zone. 
 Applying the polynomial model in Figure 3-9a to the other storm events during 
the study period shows that 48% of  the total hydrological flux from the ZOB discharged 
through these four pipes. Based upon field observations, the reduced contribution of  the 
monitored pipes to ZOB discharge during relatively large storms (see Figure 3-7) was 
caused by both the threshold flow capacity shown for each pipe (Figure 3-8) and the 
increase of  total ZOB flow largely due to additional return flow through other definable 
soil pipes (diameter > 1 cm) and seepage area along the valley bottom axis of  the basin. 
Such expansion of  contribution areas of  subsurface flow most likely caused the increase in 
EC shortly after the storm peaks in November 2004 owing to flush-out of  solutes (region 
A in Figure 3-12). Thus, total contribution of  soil pipes in subsurface drainage is greater 
than the estimated contributions obtained from the monitored soil pipes (i.e., 48%), at least 
supporting the significance of  preferential flow as a stormflow component (Mosley, 1979; 
Tsukamoto & Ohta, 1988; Wilson et al., 1990; Kitahara et al., 1994). In BTEW C1, Noguchi 
et al. (1997b) inferred that the primary origins of  soil pipes were biological activities, such 
as decayed roots and termite nests in shallow soil horizons. Although the exact origin of  
the pipes in this study is unknown, their development may have been initiated by such 
biological activities and subsurface erosion. The most elusive attribute of  soil pipes is 
perhaps the spatial extent and connectivity of  the pipe network and their source areas (e.g., 
Jones, 1971; Beven & Germann, 1982; Sidle et al., 2001). In the present study, the 
development of  a shallow groundwater table and progressive flow initiation in pipes 3 and 
4 (outlets in deeper horizon) followed by pipes 1 and 2 (outlets at shallower horizon) 
(Figure 3-5, 3-6, 3-7, and 3-8) are consistent with the view that their source areas are 
located at different depths within soil profiles. Unfortunately, the research design did not 
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allow me to elucidate spatially explicit characteristics of  the pipe network. However, the 
similarity of  chemical signatures of  pipe flow appear to be consistent with the assumption 
that these pipes were connected to the well-mixed, soil-derived shallow groundwater built 
up in the vicinity of  the ZOB outlet. 
 Earlier studies in BTEW C1 reported consistent increases in specific conductance 
of  stream water during events with high precipitation and wet antecedent conditions 
(Zulkifli, 1996; Sammori et al., 2004). Furthermore, Zulkifli (1996) related such increases in 
specific conductance to stormflow that originated from the shallow soil horizon. In 
contrast, Noguchi et al. (1997a) found little evidence of  substantial hydrological flux 
through the shallow soil horizon on a relatively planar hillslope, having failed to provide 
plausible explanations of  rapid stormflow generation in BTEW C1 that occurred during 
storms with precipitation > 20 mm and relatively high antecedent soil moisture. Findings 
from this chapter reconcile most of  the confusion generated in these previous reports 
from BTEW C1 on stormflow generation and source areas of  solute export. Hydrological 
monitoring of  the ZOB runoff  in this study clearly shows that thresholds of  stormflow 
generation are sensitive to antecedent soil moisture contents (see Sidle et al., 1995, 2000), 
which almost matched the reported thresholds for BTEW C1 response (Noguchi et al., 
1997a). Furthermore, sporadic “non-event period” and intensive event-based monitoring 
of  hydrochemical data demonstrated that ZOB stormflow was characterized by the highest 
specific conductance (amongst the other sources) that was apparently caused by contact 
with the shallow soil horizons. Therefore, zero-order basins are the geomorphic units that 
become dominant stormflow contributors at least during moderate to large storms. These 
observations concur with earlier findings that convergent slopes exhibit more dynamic 
hydrological behavior compared to planar slopes (e.g., Dunne & Black, 1970; Anderson & 
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Burt, 1978; Sidle et al., 2000). The findings of  this chapter furthermore suggest that 
convergent hillslopes, such as zero-order basins, are not only more hydrologically dynamic 
but also contribute disproportionately to solute export relative to planar hillslopes within 
the catchment. This point – intra-catchment heterogeneity of  flow pathways and solute 

















Chapter 4.  
Intra-catchment Heterogeneity of  Hydrological 
Processes and Solute Export within C1 
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4.1. Chapter abstract 
Storm-induced heterogeneity in hydrological processes and solute export were examined 
within C1 focusing on three major geomorphic units: riparian floodplain, planar hillslope, 
and zero-order basin (ZOBC1). Catchment runoff  during relatively small storms (<30 
mm) was primarily accounted for by direct precipitation falling onto the saturated 
floodplain and stream channel. Both the hillslope and ZOBC1 significantly contributed to 
catchment runoff  when event precipitation exceeded 30 mm and antecedent soil moisture 
was high. These contributions were the result of  an accretion of  shallow subsurface flow 
above the soil-saprolite interface (depth ~1m), which emerged from the foot of  the 
hillslope and the outlet of  the ZOBC1. However, both unit-area hydrological flux and the 
extent of  soil saturation development near the ground surface were greater in the ZOBC1 
relative to the hillslope. Increases in catchment discharge during events >30 mm were 
associated with high solute loads originating from shallow organic-rich horizons, thus, 
confirming the importance of  perched subsurface flow on stream chemistry during 
relatively large events. Furthermore, relatively greater concentrations of  nitrate (+145%), 
potassium (+133%), and magnesium (+50%) in subsurface stormflow from ZOBC1 
compared to the hillslope are likely due to the varying contact time of  flow with the 
organic-rich shallow horizons related to the extent of  soil saturation. Based upon these 
solute concentrations and stormflow fluxes of  shallow subsurface flow, annual solute 
export during storms from ZOBC1 was 2- to 6-fold greater than from the hillslope. These 
findings suggest that the high variability in nutrient export within the headwater catchment 
is controlled by geomorphically mediated variability in hydrological fluxes as well as varying 
solute concentrations that are affected by the extent of  soil saturation.  
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4.2. Chapter introduction 
Understanding the dominant hydrological processes in headwaters and their spatial 
heterogeneity are fundamental in formulating spatially explicit land use planning that 
minimizes environmental impacts on the local as well as downstream environments. Based 
upon knowledge of  hydrological processes, for example, areas prone to surface erosion or 
mass wasting processes that play crucial roles in catchment hydrology can be identified a 
priori and practical planning or amelioration measures can be implemented to minimize 
sedimentation and flood hazards (e.g., Megahan & King, 1985; Sidle et al., in press). In 
humid tropical forests, better knowledge of  catchment hydrology has been accumulating in 
areas such as Amazonia (e.g., Elsenbeer & Lack, 1996), Australia (e.g., Bonnel & Gilmour, 
1978) and Southeast Asia (e.g., Chapter 3). Despite the recognized heterogeneity of  
hydrological processes inherent to geomorphic features within headwater catchments (Sidle 
et al., 2000; McGlynn et al., 2004), such hydrogeomorphic conceptualization of  catchment 
processes or supporting empirical evidence have not been articulated in the humid tropics. 
Hydrological processes are undoubtedly one of  the primary driving forces of  
solute movement and fluxes within various ecosystems (e.g., Schlesinger, 1997). 
Furthermore, magnitude and frequency of  soil wetting related to rainfall likely affects the 
biological release and uptake of  soluble nutrients, particularly inorganic nitrogen (e.g., 
Groffman & Tiedje, 1988; Davidson et al., 1993; Ohte et al., 1997), underscoring the 
importance of  the interactions between hydrological processes and rates of  
biogeochemical processes. Moreover, understanding stream chemistry in the context of  
catchment hydrology provides crucial information for evaluating biogeochemical processes 
within catchments (Likens et al., 1977; Bruijnzeel, 1991). In the past, numerous studies have 
monitored nutrient export in undisturbed and anthropogenically affected catchments in the 
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tropics (e.g., Lesack, 1993; Malmer & Grip, 1994; Zulkifli, 1996). Nevertheless, despite the 
potential heterogeneity within catchments related to hydrological processes, these previous 
studies have not attempted to examine intra-catchment heterogeneity of  solute export, 
possibly unique to geomorphic components, in relation to the variability of  the dominant 
hydrological processes and fluxes. This lack of  linkage between hydrological processes and 
solute dynamics apparently poses a conundrum to the holistic understanding of  headwater 
catchment processes, whereby ecosystem integrity and productivity of  local headwater 
areas are realized. 
The primary objectives of  this chapter are: (1) to demonstrate the extent of  spatial 
heterogeneity of  hydrological processes within C1, and (2) to relate spatial variability of  
nutrient export to the heterogeneity of  hydrological processes. It is hoped that 
understanding of  solute dynamics in the context of  spatially heterogeneous hydrological 
processes will provide a basis for further investigation of  more complete biogeochemical 
processes, including biological uptake and release of  ecologically important elements in 
relation with hydrological cycles in rapidly degrading mountain areas of  the humid tropics. 
Furthermore, the findings of  the present study should provide valuable information for 




4.3.1 Hydrological monitoring 
Incident precipitation was continuously monitored during the study period as described in 
the Section 2.2.2.2 of  Chapter 2. Hydrological fluxes from the ZOBC1 (hereafter referred 
to as ZOB in this chapter) outlet were monitored at 3-min intervals using a 60-degree 
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v-notch weir equipped with a WHR water level detector (TruTrack, N.Z.) (Figure 3-2 and 
4-1; see also Section 3.3.1 of  Chapter 3). A portion of  return flow seepage at the foot of  
the hillslope segment was measured using return flow collectors constructed from 60-cm 
long pieces of  PVC pipe (diameter 10 cm) with a quarter of  perimeter removed to create 
an opening; both ends of  the pipe were sealed using rectangular PVC plates. PVC plates 
were glued such that their longer axes extended 10 cm on the side of  the PVC pipe with 
the opening. These collectors were installed at four locations along the hillslope – 
floodplain transition area by horizontally burying the slit flush with the floodplain soil 
surface; the slit opening was directed towards the slope foothill with the extended PVC 
plates inserted into the soil of  the foothill (Figure 4-2). Thus, each collector captured 
return flow over the 60-cm wide segment of  the hillslope – floodplain transition area. 
Return flow trapped in the collectors was directed through 2-m long PVC pipes (3 cm 
diameter) to the locations where flow measurements and water samples were taken 
manually. Based upon visual estimations, these four seepage zones accounted for a total of  
>70% of  baseflow return flow emerging along the foothill. Runoff  at the outlet of  the 
floodplain was measured at a 60-degreee v-notch weir equipped with a water level (WHR) 
probe. The bottom end of  weir plate was inserted into the floodplain to a depth of  10 cm; 
thus, the majority of  flow that drained out from floodplain zone as overland flow could be 
measured. Discharge from catchment C1 was measured at a 120-degree v-notch weir 
equipped with a float-type water level recorder (W-062, Yokogawa, Japan). 
In addition to the piezometers noted in Chapter 3, additional ones were installed 
across the lower part of  ZOB and also near the foot of  the hillslope segment to monitor 
the spatial extent of  shallow groundwater dynamics relative to the ground surface (Figure 


















































Eight out of  14 piezometers in ZOB and three of  12 piezometers in the hillslope were 
equipped with WHR probes that recorded water level at 3-min intervals (Figure 4-1 and 
4-2); maximum water level was measured in the remaining piezometers. Maximum water 
level recorders consisted of  a 1-m aluminum rod with small polyethylene cups (5 ml) 
attached at 5 cm increments. This ‘recorder’ was placed into the piezometers and maximum 
water level obtained during a given interval was determined by measuring the depth of  the 
shallowest cup that collected water relative to the ground surface. Due to equipment and 
personnel limitations, duration and frequency of  hydrological monitoring varied to some 
extent from site to site (Table 4-1). 
 
4.3.2 Hydrochemical monitoring 
Hydrochemical monitoring involved collecting three different types of  water samples: 
baseflow samples, event samples, and stormflow samples. Hydrochemical samples for 
hillslope return flow were only collected from return flow collector 4 (shown as RF4 in 
Figure 4-2). Because preliminary observations revealed that return flow measured by RF4 
was the most responsive to events and remained as a major contributor to the floodplain 
overland runoff  even after the cessation of  large storm precipitation, it was assumed that 
RF4 could characterize a majority of  seepage return flow that reached the floodplain weir. 
Baseflow samples were collected for bedrock seepage (downstream of  ZOB weir; see the 
Section 3.3.1 of  Chapter 3), hillslope return flow (i.e., RF4), and floodplain overland runoff  
when discharge from the outlet of  C1 was <3 l s-1 and ZOB flow completely ceased; pairs 
of  bedrock seepage and hillslope return flow samples were collected on 10 occasions (four 
and six times in 2003 and 2004, respectively) during the study period.  
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† Occasional measurements of  flow rate were conducted also in 2004 when water samples were collected on a sporadic basis. 
‡ Flow rate was continuously measured using a float-type water level detector; however, access to data was limited to several events and point flow 
rates when sporadic water samples were collected at C1 outlet. 
Location Variables monitored Monitoring approach Monitoring periods 
ZOB   
 ZOB total flow rate 3-min intervals using WHR probes November 2002 – November 2004 
 Subsurface water table (P0-P3) 3-min intervals using WHR probes April 2003 – November 2004 
 Subsurface water table (P4-P12) Manual reading using max. height recorders October 2004 – November 2004 
Floodplain and hillslope  
 Floodplain overland flow rate 3-min intervals using WHR probes November 2002 – November 2004 
 Return flow seepage flow rate Manual measurements every 2 – 4 days June 2003 – November 2003 † 
 Subsurface water table (RP1-RP3) 3-min intervals using WHR probes October 2004 – November 2004 
 Subsurface water table (RP4-RP12) Manual reading using max. height recorders October 2004 – November 2004 
C1 catchment outlet  
 Flow rate Continuous water level monitoring ‡ November 2002 – November 2004 
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Event samples were intensively collected at the ZOB weir, the floodplain runoff  weir, and 
the C1 outlet weir for seven storms from the onset of  each event at least to peakflow to 
characterize dynamics of  solute export during the early phase of  storms (Table 4-2). Pairs 
of  stormflow samples were collected for ZOB flow and hillslope return flow (i.e., RF4) on 
several occasions; these samples were collected at least 5 h after the peak of  the rainfall 
event when the falling limbs of  the hydrograph were gradually declining; thus, the solute 
characteristics of  stormflow samples should represent rather steady contributions from 
different sources compared to the more dynamic portions of  the storm hydrograph. 
Furthermore, at least once every two weeks, grab samples that corresponded to either 
baseflow or highflow were collected at the outlet of  C1 (baseflow rates <3 l s-1; highflow 
rates ≥3 l s-1) depending on ambient conditions. 
Event samples at the outlet of  C1 were collected using an automated pumping 
sampler (ISCO3700, ISCO, USA); all other water samples were collected manually in 
acid-rinsed polyethylene bottles. Event samples were analyzed only for specific 
conductance whereas baseflow and stormflow samples were analyzed for both specific 
conductance and solutes. Water samples were immediately filtered through GF/F filters 
(pore size 0.7 um, Whatman, UK) and analyzed for the following solutes within two weeks 
(for baseflow and stormflow samples): nitrate (NO3), nitrite (NO2), ammonium (NH4), 
phosphate (PO4), calcium (Ca), magnesium (Mg), potassium (K), and silicon (Si). Specific 
conductance of  collected samples was determined in sub-samples immediately after 
filtration using a YSI63 probe (YSI, USA). Concentrations of  NO3, NO2, and NH4 were 
measured using a HPLC system (Waters, USA). Ca, Mg, K, and Si were determined via 
ICP-OES (PerkinElmer, USA). PO4 was determined using PhosVer 3 powder pillows 
(Hach, USA) and a LAMBDA UV spectrophotometer (PerkinElmer, USA).  
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Table 4-2 Characteristics of  the events for which chemical characteristics of  water samples 
were determined. 
 
Storms date Total rainfall (mm) 
Duration 
(min) Imax10 (mm h
-1) ARI7 (mm) 
1 2 Dec 2002 7.3 54 20.0 13.0 
2 3 Dec 2002 24.0 47 83.9 17.6 
3 4 Dec 2002 10.3 68 26.0 33.9 
4 5 Dec 2002 54.9 159 109.8 44.9 
5 26 May 2004 51.0 106 133.8 0 
6 3 Nov 2004 25.6 69 61.9 127.1 
7 5 Nov 2004 79.2 127 101.8 148.0 
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Specific conductance of  total ZOB flow during selected events was also measured using a 
YSI6000 probe (YSI, USA) with a built-in sensor and data logging system. The YSI63 and 
YSI6000 probes were calibrated twice during the study period using standard solutions; 
these two probes were also calibrated against each other. Solute concentrations were 
determined against calibration curves established for respective solutes using a blank 
(ultrapure water; Millipore, USA) and five standards (i.e., 0.1, 0.5, 1, 5, and 10 mg l-1) except 
phosphate (i.e., 0.01, 0.03, 0.05, and 0.1 mg l-1) without sample replicates. 
 
4.3.3 Analytical approaches 
4.3.3.1 Stormflow separation 
Storm runoff  from the floodplain (FPSTORM) was separated from floodplain baseflow using 
the separation procedure of  Hewlett & Hibbert (1967, p.280). FPSTORM was further 
separated into two components: saturated overland flow originating from precipitation on 
saturated floodplain surface (FPSTORM-SOF) and subsurface return flow (FPSTORM-RF) emerging 
from the foot of  the hillslope segment and potentially through the floodplain soil. These 
two components (FPSTORM-SOF and FPSTORM-RF) were separated using the following criteria. 
Preliminary examination of  floodplain overland runoff  readily identified events in which 
FPSTORM-SOF was the dominant contributor of  FPSTORM; such events were characterized by 
the increase of  FPSTORM that subsided within 30 min after the cessation of  precipitation 
without causing any changes in hillslope seepage flow rate (flow rate at RF collectors) or 
formation of  subsurface water table (RP piezometers). Thus, it was assumed that any flow 
observed 30 min after the cessation of  precipitation in addition to the floodplain baseflow 
at the floodplain weir was the flow contributed by FPSTORM-RF. FPSTORM-SOF was estimated by 
calculating the areas under floodplain-runoff  hydrographs partitioned by a straight line 
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connecting the initial rise of  flow to a point on the recession limb 30 min after the 
cessation of  event precipitation. FPSTORM-SOF was converted into runoff  depth using the 
relationships established between areas of  saturated floodplain surface (as a contributing 
area; see the dark gray area of  the floodplain in Figure 4-2) and floodplain runoff  rate prior 
to respective events. This linear relationship was based on data collected on 2 Dec. 2002, 5 
Dec. 2002, 6 Dec. 2002, 23 Feb. 2003, and 26 May 2004; saturated floodplain surface (y) 
was significantly predicted by the floodplain flow rate prior to the respective events (x) (y = 
138x +7.5, r2=0.91, p<0.05, n=5). Floodplain stormflow due to subsurface return flow 
(FPSTORM-RF.) constituted the remainder of  FPSTORM after subtracting FPSTORM-SOF. To 
evaluate the potential maximum event-based storm flow derived from the monitored 
segment of  planar hillslope, I hereafter considered that FPSTORM-RF entirely originated from 
the hillslope. Relationships of  event-based stormflow responses of  ZOB and C1 against 
precipitation inputs were quoted from data presented in Chapter 3 and Noguchi et al. 
(1997b), respectively. Except for the discharge at the outlet of  C1, 7-day antecedent rainfall 
index (ARI7) was used as an index of  antecedent soil moisture conditions (Mosley, 1979) 
largely because stormflow generation of  ZOB flow was found responsive to this index (see 
Chapter 3). 
 
4.3.3.2 Characterizations of  solutes from planar hillslope during storm events 
An attempt was made to characterize solutes originating from additional subsurface flow 
(RFH-sub; storm-induced lateral flow that traveled as shallow groundwater) that accounted 
for an increase in hillslope return flow (i.e., FPSTORM-RF) after relatively large storms. To do 
this, an assumption was made that hillslope return flow measured at the return flow 
collector (RF4) during storms (RFH) was hydrologically as well as hydrochemically a 
 79
summation of  baseflow return flow (RFB) and RFH-sub. Furthermore, it was also assumed 
that solute levels and flow rates of  RFB remained constant during storms. Mean 
concentrations of  solutes and flow rate of  baseflow (RFB; represented by the samples from 
RF4), as well as ambient flow rate at the time of  collection of  stormflow samples (RFH; 
represented by the samples from RF4), were incorporated into a two-component mass 
balance model to estimate solute level in RFH-sub. In this model, CH-sub (concentration in 
RFH-sub) was obtained as follows: CH-sub=(CHQB-CBQB)/(QH-QB), where CB is the mean 
solute concentration in RFB, QB is the mean flow rate in RFB, CH is the solute concentration 
in RFH, and QH is the flow rate in RFH. 
 
4.3.3.3 Statistical consideration 
Solute concentrations were compared using one-way ANOVA among the following five 
“sources”: baseflow samples for hillslope return flow (RFB) and bedrock seepage, 
stormflow samples for ZOB, hillslope return flow (RFH) and RFH-sub. If  the main effect was 
found significant, Tukey’s multiple comparisons were subsequently conducted. To test for 
statistical assumptions of  ANOVAs, the data were first fitted to the complete general linear 
model and residuals were compared for deviations from a normal distribution using the 
Shapiro-Wilks test. The dependent variables were log10(x+1)-transformed to improve 
normality of  residual distributions wherever appropriate. All statistical analyses were 





4.4.1 Hydrological responses of  floodplain, hillslope, and ZOBC1 
Storm runoff  response from the floodplain during events on 26 May 2004 and 5 
November 2004 are presented as representative of  stormflow responses with and without 
contributions of  substantial subsurface flow. The May event was intense with moderate 
total precipitation and dry antecedent conditions whereas the November event was larger 
with high antecedent moisture. (Figure 4-3a & b). Total rainfall during the first event was 
51 mm with ARI7 of  0 mm; the latter received 78 mm of  precipitation with ARI7 of  130 
mm. During the first event, fluctuations in floodplain runoff  closely matched precipitation 
inputs; peakflow occurred 10 min after peak rainfall intensity. About 30 min after rainfall 
ceased, runoff  rate from the floodplain returned to a level similar to that prior to the event 
(Figure 4-3a). In contrast, during the latter storm the initial runoff  peaks (during the event) 
coincided with peak rainfall inputs; about 2.5 h after rainfall ceased a second runoff  peak 
appeared due to subsurface flow emerging on the floodplain (Figure 4-3b). These elevated 
discharge rates persisted for several hours after this second peak (Figure 4-3b). Saturated 
overland flow from the floodplain (FPSTORM-SOF) was successfully separated for a total of  16 
events; during some events problems occurred due to frequent clogging of  the water level 
sensors as well as blockage of  the V-notch with organic debris. Saturated overland flow 
from the floodplain was highly responsive to rainfall even for small events; when 
precipitation exceeded 7 mm, runoff  coefficients were almost 100% (Figure 4-3c). 
Discharge rates measured manually from return flow collectors were highly variable; RF4 
provided a continuously stable rates of  baseflow (approximately 20 ml s-1) and also 
responded to precipitation inputs for events > 30 mm (Figure 4-4a & b).  
Floodplain return flows (FPSTORM-RF) were also separated for 16 events in which 






























































































Figure 4-3 Hydrological responses observed at the floodplain runoff  weir for two 
events: a) total rainfall of  51 mm with ARI7 of  0 mm; b) total rainfall of  78 mm with ARI7 
of  130 mm. c) responses of  overland flow caused by direct precipitation falling onto 
saturated floodplain against event-based precipitation; filled and open circles correspond to 




















Figure 4-4 a) Daily precipitation during the period of  intensive monitoring of hillslope 
seepage return flow at four return flow collectors; b) flow rates measured at 3-4 day 
intervals for respective return flow collectors. Events that caused conspicuous increases in 
























Figure 4-5 Stormflow responses of  a) subsurface return flow (FPSTORM-RF) separated 
from total floodplain storm runoff  measured at the floodplain weir, b) ZOB (adapted from 
Negishi et al. in review, a), and c) C1 outlet (adapted from Noguchi et al., 1997a). Solid lines 
drawn through clouds of  plots were fit by eye; responses were not distinguished based 
upon antecedent moisture condition for FPSTORM-RF, whereas two levels of  antecedent 
moisture conditions were distinguished for ZOB flow and C1 outlet flow. Qi refers to flow 
rate at the catchment outlet before the onset of  the respective events (see Noguchi et al., 
1997a for more details). The 100% runoff  line was shown as a reference. 
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Conspicuous flow response was not observed until event rainfall was > the 30 mm 
threshold (Figure 4-5a). Because only four events during dry conditions could be separated 
into saturated overland flow and return flow, a thorough evaluation of  floodplain 
stormflow response related to antecedent moisture was not possible. For both the ZOB 
and C1 outlets, runoff  response to rainfall was highly dependent on antecedent moisture 
conditions (Figure 4-5b & c). Furthermore, during relatively wet conditions (i.e., ARI7 >30 
mm or Qi >0.1 mm h-1), the threshold precipitation for significant flow response was ≈ 
25-30 mm. Runoff  response to rainfall at the outlets of  both ZOB and C1 during wet 
conditions was similar to the 100% runoff  line once the threshold precipitation was 
reached. In contrast, floodplain seepage return flow (FPSTORM-RF) was much lower relative to 
the ZOB and C1 outlet flows for a given amount of  rainfall. In other words, event-based 
unit area hydrological fluxes were much greater in ZOB relative to the hillslope segment 
(measured as FPSTORM-RF), particularly when antecedent moisture was high.  
Shallow groundwater response in the ZOB and the foot of  the hillslope segment 
was highly variable between the two sites as well as within each site. In general, maximum 
piezometric pressure head measured during storms was greater when antecedent soil 
moisture was high (Figure 4-6). At least for very wet conditions (ARI7 >100 mm), pressure 
head reached the soil surface at P0, P1, P2, P4, P5, P6 and P8 within the ZOB. RP1 showed 
moderate increases in pressure heads up to 50% of  the total soil depth during the wettest 
conditions; furthermore, RP2 and RP3 did not respond at all during the same period. These 
continuously recorded patterns of  piezometric response were also supported by the 
records from maximum water level recorders (Table 4-3). For instance, water levels within 
the ZOB reached at least 30 to 80% of  the soil depth, whereas piezometers located >5 m 























Figure 4-6 Maximum levels of  total head [in piezometers installed at various locations 
within ZOB (P0-P8) and the foothill area of  hillslope (RP1)] registered for individual storm 
events. Different symbols denote varying antecedent moisture conditions. The responses 
of  RP2 and RP3 are not shown because these two piezometers did not respond during this 
period. 
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Table 4-3 Depth to the soil-saprolite interface (S-S interface) and maximum water level 
during period of  October 20 – November 20 2004. Measurements were taken every 5-7 
days (n=5). ZOB refers to zero-order basin. 
 
Piezometer ID 
Depth to S-S interface 
(m) 
Mean maximum depth 
(proportion to the total soil depth) (± SE) (%)
ZOB   
 P9 0.9 78 (2) 
 P10 1.0 66 (2) 
 P11 0.9 35 (5) 
 P12 0.8 37 (1) 
 P13 1.1 62 (5) 
 P14 1.1 58 (3) 
Hillslope   
 RP4 0.6 43 (3) 
 RP5 0.8 0 * 
 RP6 1.1 18 (5) 
 RP7 0.9 46 (4) 
 RP8 0.9 0 * 
 RP9 1.4 8 (2) 
 RP10 1.1 48 (5) 
 RP11 0.8 0 * 
 RP12 1.3 2 (1)  
 
* No response was observed during the monitoring period.
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saturation only up to <20% of  the soil depth. 
4.4.2 Variability of  streamwater chemistry reflected in specific conductance 
Export of  solutes from the catchment were variable and depended on precipitation 
amount and antecedent moisture that controlled the threshold for the occurrence of  
subsurface flow inputs from the ZOB and hillslope segment. Typical responses related to 
solute export from the floodplain are presented for the previously discussed two storms 
based on specific conductance. For the event on 26 May 2004, specific conductance of  
discharge from C1 increased during the event with a sharp decline corresponding the 
recession limb of  the hydrograph (Figure 4-7). Saturated overland flow from the floodplain 
had relatively high conductance at the onset of  the storm, possibly related to flushing of  
accumulated mineralized nutrients; conductance of  floodplain runoff  then decreased likely 
due to dilution, as the event progressed. It is thus conceivable that the increase of  
conductance in discharge from C1 was largely due to flushing of  materials from near 
channel riparian areas as well as from within-channel sources. In contrast, the event on 5 
November 2004 resulted in responses of  subsurface inputs from both ZOB as well as the 
hillslope segment (Figure 4-8). The first discharge peak from C1 (at 17:00) corresponded to 
the timing of  peak discharge from the floodplain (SOF); conductance in stormflow from 
C1 remained as low as pre-event conditions. Nevertheless, during the second (much larger) 
discharge peak from C1 at 18:00, near the end of  the rainfall event, the timing of  the 
hydrograph peak matched the peak discharge from ZOB and increasing contribution of  
subsurface inputs largely from the hillslope segment through the floodplain. Furthermore, 
the second peak in C1 was characterized by a drastic increase in specific conductance to > 
20 µS cm-1, apparently caused by high solute inputs from the ZOB (i.e. >30 µS cm-1, Figure 







































































Figure 4-7 a) Pecipitation, b) runoff  rate at the floodplain runoff  weir (FP) and C1 
outlet (C1), and c) specific conductance measured for FP and C1 for the storm on 26 May 


























































































Figure 4-8 a) Precipitation, b) runoff  rate at the ZOB weir, floodplain runoff  weir (FP) 
and C1 outlet (C1), and c) specific conductance measured at the ZOB weir, FP, and C1 for 
the storm on 5 November 2004 (PRT of  78 mm; ARI7 of  130 mm). 
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Unfortunately, continuous monitoring of  specific conductance at the floodplain outlet or 
from the return flow collectors was not possible during the period of  floodplain return 
flow due to limited availability of  automated probes. Nevertheless, these results suggest 
that solute export originating from the floodplain, as reflected in specific conductance, is a 
negligible contributor to catchment solute export, particularly during relatively large storms.  
Dynamics of  catchment stream chemistry related to flow fluctuation was strongly 
affected by subsurface flow from both the ZOB and hillslope based on samples collected 
for both baseflow and stormflow conditions. Specific conductance of  discharge from C1 
strongly correlated with increases in flow (Figure 4-9). Flow from the ZOB had by far the 
highest specific conductance among the sources examined; hillslope seepage return flow 
measured during highflow periods (RFH) was the second highest. Baseflow samples from 
bedrock seepage (BR) and hillslope return flow (RFB) were similarly the lowest relative to 
specific conductance levels in flow from the ZOB and return flow. Specific conductance in 
baseflow samples from bedrock seepage (BR) and hillslope return flow (RFB) were both 
similar to levels in the low range of  discharge from C1.  
 
4.4.3 Heterogeneity in solute concentration and export 
Due to low concentrations relative to analytical detection limits, nitrite, ammonium, and 
phosphate are not included in the further analyses. Using data shown in Figure 4-9 (except 
for C1), significant positive relationships were found between specific conductance and 
concentrations of  selected solutes: a linear regression model predicted concentrations of  
potassium and calcium; a power function model predicted nitrate. In contrast, a negative 
exponential model predicted silicon concentrations based upon specific conductance 








     
 
Figure 4-9 Specific conductance of  various sources related to the flow rate at the outlet 
of   C1. Refer to Table 4-4 for the explanations of  site abbreviations. Solid lines were fit 
using linear regression models. RFB, and RFH denote baseflow samples and stormflow 
samples for hillslope return flow; BR and ZOB refer to the samples from bedrock seepage 
























Figure 4-10 Relationships between selective solutes and specific conductance. Solid lines 
denote significantly predicted regression models. 
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No significant relations between specific conductance and magnesium were found. 
Specific conductance and concentrations of  selected solutes among baseflow 
samples and stormflow samples were significantly different for all the variables examined 
(ANOVA, p< 0.001; see also Table 4-4). Baseflow samples of  bedrock seepage and 
hillslope return flow were not statistically different from each other for any of  the solutes 
examined. ZOB flow was characterized by the highest mean value in specific conductance, 
nitrate, potassium, magnesium, and calcium, whereas ZOB flow was among the lowest in 
silicon concentration, similar to that from hillslope return flow during stormflow periods. 
Certain solutes in ZOB flow were significantly different from those calculated for hillslope 
return flow of  additional subsurface flow (i.e., RFH-sub); specific conductance, and 
concentrations of  nitrate, potassium, and magnesium were higher in ZOB flow relative to 
RFH-sub (Table 4-4). Appling the means of  solute concentration to the runoff  responses 
from ZOB and the hillslope segment (Figure 4-5) for a given precipitation event, unit area 
export of  all the solutes tended to be higher in ZOB relative to the hillslope segment, 
particularly when antecedent moisture was high (Figure 4-11).  
 
4.5. Discussion 
Although many studies have focused on the role of  hydrological pathways and fluxes 
related to stream flow generation in mountain forested catchments (e.g., Mosley, 1979; 
Tsukamoto & Ohta, 1988; Mullholland, 1993; Peters et al., 1995; Anderson et al., 1997; Sidle 
et al., 2000; Tsuboyama et al., 2000), our understanding of  the variable responses and 
linkages of  hydrological processes and solute export from different geomorphic features 
within catchments is limited. Such knowledge is important in prioritizing land management 
decisions from the perspective of  reducing impacts on site productivity and downstream 
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Table 4-4 Mean (±SE) of  specific conductance (SC: µS cm-1) and concentration of  solutes 
(mg l-1) determined for various sources: return flow seepage during baseflow (RFB; n=10), 
bedrock seepage during baseflow (BR; n=10), return flow seepage during storm periods 
(RFH; n=6), total flow from ZOB (ZOB; n=12), and throughflow draining above the 
soil-saprolite separated from RFH (RFH-sub; n=6). Note that samples for RFH and ZOB were 
collected at the same time during base flow whereas BR and RFB were sampled at the same 
time during storms. See the text for more details of  “baseflow” and “storm” period 
samples. Letters that follow mean values Alphabets beside figures denote the results of  




† These variables were log10(x+1)-transformed to improve normality of  residual distribution 
in statistical comparisons.   
 
variables RFB  BR  RFH ZOB  RFH-sub 
SC † 10.5 (0.9)c 8.9 (0.9)c 18.8 (0.8)b 33.6 (0.9)a 20.5 (0.8)b 
nitrate † 1.2 (0.3)c 1.0 (0.2)c 4.3 (1.0)b 12.5 (2.0)a 5.1 (1.3)b 
silicon 4.4 (0.4)a 5.2 (0.3)a 2.3 (0.2)b 1.9 (0.04)b 1.8 (0.2)b 
potassium 0.3 (0.03)b 0.3 (0.01)b 0.3 (0.04)b 0.7 (0.04)a 0.3 (0.05)b 
magnesium 0.3 (0.02)a 0.3 (0.01)a 0.2 (0.02)bc 0.3 (0.01)ab 0.2 (0.02)c 






















Figure 4-11 Predicted export of  nutrients from ZOB and the hillslope (expressed as RF) 
for events with precipitation >30 mm. Solid lines were fit using linear regression models. 
For ZOB, two different levels of  antecedent moisture conditions were plotted separately. 
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water quality. The findings of  this chapter demonstrate that hydrological responses vary 
amongst geomorphically distinct features within catchments and that differences in solute 
concentrations and total export are directly and indirectly mediated by heterogeneous 
hydrological processes. 
In hillslope hydrology, heterogeneity of  hydrological processes related to 
variability of  geomorphic features (e.g., converging hillslopes versus planar hillslopes) has 
long been recognized (e.g., Anderson & Burt, 1978; Tsukamoto & Ohta, 1988). Recent 
studies have linked the variable hydrological response from distinct geomorphic features 
(i.e. riparian zones, hillslope segments, and zero-order basins) to variations in larger-scale 
catchment response in relation to event precipitation and antecedent moisture (Sidle et al., 
2000; Tsuboyama et al., 2000; McGlynn et al., 2004). The findings presented in this chapter 
are in a general agreement with these earlier studies from temperate regions demonstrating 
a large temporal variability in hydrological fluxes (i.e., unit area stormflow response) among 
these three major geomorphic components of  headwater catchments. The floodplain was a 
major source of  saturation overland flow, with nearly 100% of  incident rainfall being 
converted to saturation overland flow with only a small lag time relative to rainfall inputs 
(Figure 4-3). However, saturated overland flow only significantly contributed to catchment 
outflow and stream water chemistry during relatively small events, particularly when 
subsurface flow from the hillslope was negligible. This supports the hydrogeomorphic 
conceptual model of  stormflow generation (i.e., Sidle et al., 2000), which indicated that the 
contribution of  saturated overland flow from riparian corridors to headwater catchment 
storm runoff  decreased from 100% during relatively dry antecedent conditions to about 
5% during very wet conditions. The findings of  Chapter 3 demonstrated that the dominant 
stormflow generation mechanism in the geomorphic hollow was subsurface flow that 
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accreted above the hydrologically impeding soil-saprolite interface. Based on a soil survey 
in C1, soil horizon characteristics and depth to the soil-saprolite interface in the hillslope 
segment were similar to those of  the ZOB. Furthermore, solute characteristics in return 
flow samples collected during low flow conditions were similar to those of  bedrock 
seepage, indicating that return flow emerging from the base of  the hillslope during low 
flow periods originated from the same source, i.e. relatively deep groundwater seeping 
through bedrock fractures. Furthermore, increases in rates of  hillslope return flow after 
relatively large storms likely augmented the accretion of  subsurface water above the S-S 
interface. This was supported by increases in specific conductance of  return flow during 
periods of  high flow; thus, additional export of  solutes during large storms was likely 
derived from shallow soil horizons (Table 4-3). Because hillslope return flow during storms 
(evaluated as FPRF in hydrograph separations) is the major runoff  vector from the hillslope 
to the riparian zone, event-based storm flow responses were inferred to be substantially 
different between the hillslope and ZOB despite the similar level of  threshold precipitation 
required to initiate stormflow during wet antecedent conditions. 
 The variable hydrological fluxes between the hillslope and ZOB were consistently 
supported by differences in the extent of  subsurface saturation development in the two 
geomorphic units. Near the foot of  the hillslope, only the piezometers at the very bottom 
of  the hillslope (1 m upslope from floodplain zone) recorded saturation in soils up to 
~30% of  the total soil depth. Moreover, soils >5 m upslope of  the floodplain zone were 
never more than 20% saturated. Although the monitoring period in the hillslope segment 
was shorter (i.e., <30 days) compared to that in the ZOB, the hillslope was monitored 
during the wettest period of  the year (i.e., total rainfall = 573 mm in 30 days; median storm 
rainfall and ARI7 for 20 storms were 18 and 207 mm, respectively). Therefore, the data 
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from the hillslope should at least be representative of  the maximum potential extent of  soil 
saturation. In contrast, at least 50% of  soil depth at monitored sites in ZOB was saturated 
in most areas, with almost complete saturation occurring in topographically convergent 
areas (e.g., P4 and P6). Consequently, it appears that the horizontal and vertical extent of  
soil saturation was greater in the ZOB relative to the hillslope. In another planar hillslope 
of  BTEC C1, Noguchi et al. (1997b) monitored soil matric potential via tensiometers 
installed at variable depths down to the soil-bedrock interface during a 1-yr period. They 
found little evidence of  soil saturation above the soil-bedrock interface or even in shallower 
soil horizons, indicating that soils were not typically saturated in planar hillslopes. 
Collectively, these results are consistent with the findings of  Anderson & Burt (1978) that 
surface saturation occurs much more frequently in converging hillslopes relative to 
non-converging surfaces. As converging topography tend to concentrate soil water towards 
valley axis, saturation zone was presumably formed to a greater extent relative to entire soil 
depth within the ZOB. Similar findings emerged from independent investigations in 
hollows and hillslope segments in a forest catchment in Japan (e.g., Sidle & Tsuboyama, 
1992; Sidle et al., 2000; Tsuboyama et al., 2000). 
 Distinct hydrochemical characteristics of  water derived from flow pathways that 
involve different contact materials and retention times have been suggested in numerous 
studies (e.g., Mulholland et al., 1990; Mulholland, 1993; Elsenbeer et al., 1995a, b; Buttle & 
Peters, 1997; Ohrui & Mitchell, 1999). Such variability in solute characteristics and also 
isotopic signatures of  water (hydrochemical tracers; see Rice & Hornberger, 1998 and 
literature cited therein) instigated a recent surge of  research on storm hydrograph 
separation that attempts to identify dominant flow pathways and/or source areas of  
stormflow (e.g., Sklash et al., 1986; Mulholland et al., 1990; Bazemoore et al., 1994; 
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Elsenbeer et al., 1995b). Furthermore, distinct geomorphic units within catchments are 
increasingly recognized as important considerations in predicting catchment hydrological 
responses (e.g., Sidle et al., 2000). Intriguingly, however, thorough identification of  flow 
pathways and quantification of  flow fluxes in heterogeneous landscape units inferred by 
such mixing approaches and extensive hydrometric investigation have not been linked with 
potential intra-catchment heterogeneity of  processes that could control solute export and 
variability of  stream flow chemistry. Conventionally, biogeochemical studies in headwater 
catchments have been heavily dependent on outlet monitoring to obtain nutrient budgets, 
particularly in the tropics (e.g., Lesack, 1993; Grip et al., 1994; Zulkifli, 1996; Lewis et al., 
1999); thus, limiting the application of  this knowledge to important management issues, 
such as prioritization in protecting critical areas related to water quality control. In this 
study, I have estimated solute characteristics of  subsurface runoff  from the hillslope and 
ZOB, both of  which were inferred to be generated by a perched water table above the 
hydrologically impeding soil-saprolite interface. Using a simple two-component mixing 
model, however, some of  the solute characteristics (nitrate, potassium, and magnesium) of  
ZOB flow were found to be significantly higher than in the hillslope. These results are 
consistent with the notion that geomorphic units differ not only in hydrological flux, but 
also related to solute characteristics. 
 Then why did the solute levels in subsurface stormflow from the hillslope differ 
from those in ZOB outflow? The solutes that differed between the hillslope and ZOB were 
those that are typically rich in relatively shallow organic-rich soils (e.g., nitrate and 
potassium; Muraoka & Hirata, 1988; Elsenbeer et al., 1995a). In fact, a vertical stratification 
of  solute levels within soil horizons of  a hillslope in C1 was suggested by Zulkifli (1996); 
he showed that specific conductance progressively decreased with soil depth. Together with 
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the findings that the specific conductance of  stream water was positively associated with 
elements such as nitrate and potassium (e.g., Zulkifli, 1996; see also Figure 4-9 in this study), 
the present findings are consistent with the view that solute concentrations in flow from 
the ZOB are characterized by stronger influences from shallow organic-rich soil horizons 
relative to the planar hillslope. One explanation for such variability in solute characteristics 
is the extent of  development of  a saturation zone relative to the soil depth. Little 
development of  soil saturation whereby shallow soil horizons rarely become inundated 
with groundwater limits the contact of  subsurface flow with soil zones where high 
concentrations of  exchangeable cations (e.g., K+) and mineralized anions (e.g., NO3-) reside 
due to abundant organic matter inputs and rapid biological mineralization. This possibility 
is reasonably well supported by the observed differences in the extent of  soil saturation 
development between the hillslope and the ZOB. Several prior studies referred to the 
variability in the extent of  saturation soil development relative to soil surface as an 
important control of  stormflow chemistry (e.g., Creed & Band, 1998). Another explanation 
is that the characteristics of  the soil water were somewhat different between soil horizons 
of  these geomorphic units. Given the comparable soil structure and depth, as well as 
lithology of  the two sites, the most likely factor to cause such a difference is the variability 
of  soil wetting that in turn could affect microbial activity within the soil horizon (e.g., 
Davidson et al., 1993; Ohte et al., 1997). However, even if  the latter process prevails, the 
possible variability in soil wetting patterns are still likely to be governed by the extent of  
soil saturation. Therefore, both explanations for the variability in solute characteristics can 
be largely accounted for by the heterogeneous hydrological processes in those two 
geomorphic units. 
Using the means of  solute concentrations and stormflow responses from the 
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ZOB and hillslope, the event-based solute export exhibited patterns unique to the 
respective geomorphic characteristics (Figure 4-11). To obtain rather crude estimations of  
storm-induced solute export from the ZOB and hillslope, I applied mean concentrations 
of  selected nutrients (shown as ZOB and RFH-sub in Table 4-4) to stormflow responses and 
2 yr of  rainfall record. These calculations revealed very large differences in nutrient export 
related to the variability of  hydrological processes between the ZOB and hillslope (Table 
4-5). In particular, the export of  solutes such as nitrate, potassium, and magnesium was 4- 
to 6-fold greater from the ZOB compared to the hillslope. These findings suggest that that 
a high variability in nutrient export within the headwater catchment is controlled by 
geomorphically mediated variability that likely causes heterogeneity in hydrological fluxes as 
well as solute concentrations of  subsurface stormflow. Several limitations were 
acknowledged in the present study: (1) geochemical monitoring was relatively sporadic and 
focused on several storms; thus, export estimations were not based upon intensive 
monitoring of  solute levels for individual storms; (2) potential variability in hydrological 
processes and solute dynamics in relatively deep ground water during storms was not 
considered in estimating shallow subsurface flow from hillslopes; and (3) importance of  
estimated variability in solute export relative to annual solute export (much of  which may 
be accounted for by baseflow export) remains uncertain (e.g., Lesack, 1993). Despite such 
limitations, the results obtained in this chapter suggest that geomorphically controlled 
heterogeneity in nutrient export within headwater catchment likely exists, and that a holistic 
understanding of  catchment biogeochemistry may need to incorporate such a 
hydrogeomorphic perspective (see Sidle et al., 2000) in elucidating mechanisms of  stream 
water chemistry formation and predicting its changes due to land disturbance. The 
following chapters (Chapters 5, 6, and 7) examine the influences of  human activities, in 
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Table 4-5 Estimated unit area export of  selected solutes over a 2-yr of  study period; these 
estimates are based on regression lines shown in Figure 4-11 and the rainfall record over 
the study period. 
 
 
 ZOB (kg ha-1) Hillslope (kg ha-1) Ratio of  ZOB to hillslope 
nitrate 110.1 17 6.6 
potassium 6.0 9.3 6.5 
silicon 16.8 5.7 2.9 
magnesium 2.6 6.0 4.3 
calcium 1.5 4.4 3.5 
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particular construction of  logging roads and skid trails on fluxes and pathways related to 
hydrochemical and sediment processes. The findings in Chapter 3 and 4 in a relatively 
undisturbed condition will be extensively referred and used in the following chapters to 






















Chapter 5.  
Road Intervention on Catchment Processes 
within C3: Source of  Hortonian Overland Runoff 
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5.1. Chapter abstract 
Spatially dynamic contribution of  road-generated Hortonian overland flow to catchment 
hydrology was examined in C3. During a one-year study period, runoff  rate from a 51-m 
experimental road section was monitored; furthermore, event-based intensive monitoring 
of  sediment export from the road section as well as the catchment outlet was conducted 
during 11 storms with varying characteristics. Thorough examination of  those events 
consistently demonstrated (1) road HOF was characterized by high sediment 
concentrations as well as moderately high specific conductance, (2) when antecedent 
moisture (ARI7) and/or rainfall amount was high, interception of  shallow subsurface flow 
(ISSF) occurred, which was detected by the co-occurrence of  low sediment concentrations, 
temperatures of  ≈25ºC, and the highest specific conductance among the other sources. 
Contributing areas of  HOF estimated at the catchment scale using specific conductance 
and unit area HOF generation rate derived from the road, demonstrated that the area 
extended linearly against log10-transformed rainfall, from nearly 0 to >2 ha for the rainfall 
ranging between 5.5-85 mm when ARI7 was ≥30 mm. This positive correlation remained 
significant despite corrections for saturatioan overland flow input from the riparian areas. 
Variable expansion of  HOF contribution area was primarily explained by combinations of  




5.2. Chapter introduction 
Effects of  roads on hydrologic and sediment export have been studied for many years (e.g, 
increased peak flow) as well as sediment export (e.g., increased sediment flux) in 
downstream areas (e.g., Hornbeck & Reinhert, 1964; Brown & Krygier, 1971; Beschta, 
1978; Megahan, 1983; King & Tennyson, 1984; Jones & Grant, 1996; Wemple, 1996; Jones, 
2000; Megahan et al., 2001). Unpaved roads surfaces are typically characterized by low 
infiltration capacities. They are therefore highly conducive to the generation of  infiltration 
excess overland flow (i.e., Hortonian overland flow: HOF) early in storm events, even for 
small rainfall amounts, providing sources of  surface erosion. Prior studies have 
demonstrated that HOF generation and surface erosion on roads are influenced by physical 
properties (e.g., geology and slope) and inter-event conditions (e.g., traffic frequency and 
loads) of  roads (e.g., Reid & Dunne, 1984; Luce & Black, 1999; Ziegler et al., 2001a). 
Furthermore, an emerging issue related to upscaling of  road effects to hillslopes and 
catchments is the linkage or connectivity of  sources to headwaters and larger streams of  
interest). For example, some studies have inferred increases in drainage density caused by 
road systems which in turn have presumably led to increased connectivity between source 
areas to stream systems by assuming that roads acted as extension of  channel systems 
(Wemple et al., 1996; Croke & Mockler, 2001). In contrast, Sidle et al. (2004) enumerated 
road-channel connection nodes and classified them in terms of  flow and sediment delivery 
rates. Although these studies were conducted based upon relatively static field observations, 
in reality, the spatial extent of  connectivity or linkage is expected to be rather dynamic, 
particularly as influenced by rainfall characteristics and antecedent soil wetness. 
Knowledge of  event-dependent expansion of  contributing areas of  road-generated 
overland flow, and mechanisms and critical areas that control the dynamic nature of  
 107
road-generated runoff, thus affecting downstream hydrology and sediment export, can 
greatly improve our capability to predict and reduce road impacts if  considered together 
with rainfall and road characteristics such as geometry, drainage and hydrologic properties. 
Nevertheless, empirical data are limited in this regard. The objective of  this chapter is, 
therefore, to test the hypothesis that effective contributing area of  road-generated HOF is 
expandable in relation to rainfall amount and antecedent moisture condition. In C3, runoff  
dynamics on the experimental road section and outlet were monitored; the information 
obtained from the road section was used in estimating road runoff  volume contribution at 
the catchment outlet and its source area. In this chapter, the term subsurface flow is used 
to refer to runoff  that originated from subsurface sources as opposed to HOF whose 
origin is ground surfaces with low hydrological conductivities; thus, ISSF (road intercepted 
subsurface flow) was considered as one type of  subsurface flow. 
 
5.3. Methodology  
 
5.3.1 Hydrological Monitoring 
Two 60° v-notch weirs (road weirs) with dimensions 60 (height) × 60 (width) × 90 (length) 
cm measured outflow from the road section; another 60° v-notch weir (ZOBC3 weir) with 
dimensions 45 (height) × 50 (width) × 90 (length) cm was installed to monitor discharge 
onto the road from ZOBC3 (Figure 5-1 and 5-2). Galvanized sheet metal was cemented to 
exposed bedrock at the outlet of  ZOBC3 and road runoff  nodes, and directed to the 
respective weirs. Flow rates were continuously monitored at 2 or 3-min intervals at the 
weirs using WT-HR water level sensors (TruTrack, NZ) for >95% of  the study period. A 





Figure 5-1 The location of  Bukit Tarek Experimental Watershed (BTEW) and 
experimental road section, zero-order basins, and catchment outlets; shaded areas along the 
stream channel denote the stream section where width of  riparian floodplain was 
quantified at 10 m intervals. a) view of  the ZOBC3; SB: slope boundary across which road 
cut down to the saprolite layer; ZB: zero-order basin boundary, and b) a schematic diagram 
of  the runoff  monitoring system showing locations of, piezometer (P-ZOBC3), road weirs, 
ZOBC3 weir, and the directions of  Hortonian road runoff; the shaded area on the road 
denotes noticeable rills where flow tended to concentrate; LB: logging road drainage 
boundary; A and B: gullies where road runoff  drained to the downstream system. Note 
that the picture in panel a was taken in January 2004 immediately after catchment was 






Figure 5-2 Map of  the road monitoring area (a) (the arrow indicate the view direction in 
the panel c); ZOBC3 weir and road runoff  weir A (b); views of  the experimental road 
section (c); a close-up view of  the road weir A with a WHR probe in PVC casing (d); 
legends in (a) are the same that were used in Figure 5-1.  
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the depth of  soil-saprolite interface (~70 cm) 5 m upslope of  the ZOBC3 outlet to 
monitor shallow subsurface flow response (Figure 5-1). Outflow from C3 was continuously 
monitored at a 120° v-notch weir using a float-type water level detector (W-062, Yokogawa, 
Japan). Incident precipitation was continuously monitored as described in Chapter 3. 
Rainfall events were defined as a ‘storm’ if  at least 5 mm of  total rain fell with no periods 
of  unmeasured rainfall for > 60 min; 7-day antecedent rainfall index (ARI7) was used as an 
indicator of  soil moisture conditions because it strongly influenced subsurface flow 
responses in C1 (see Chapter 3 and 4). 
 
5.3.2 Event-based Monitoring of  Sediment and Specific Conductance 
During 11 storms of  different magnitudes, sediment concentrations were monitored at 
road weirs, ZOBC3 weir, and C3 outlet (Table 5-1). Grab samples were collected at the 
road weirs and the ZOB weir during frequent intervals during storms. As road runoff  
contains various size of  particles, I divided sediment into fine (<250 µm) and coarse (≥250 
µm) fractions by collecting duplicate samples at each sampling interval. One sample was for 
total sediment (TS) and the other was for coarse sediment (CS). TS and CS samples were 
collected and stored in 550-1050 ml and 150-1050 ml polyethylene bottles, respectively, 
depending on sediment concentrations of  runoff. The C3 catchment outlet was 
instrumented with an ISCO2700 automated water sampler (ISCO, USA) to collect 
suspended sediment. Sampling intervals varied among locations to ensure that the rising 
and falling limbs of  the hydrograph were adequately represented; sampling intervals at road 
weirs ranged from 1 to 60 min, whereas samples from the C3 outlet were collected at 15-20 
min intervals. These samples were transported to the field laboratory and filtered through 
pre-ashed GF/F filters (Whatman, UK), except for CS samples from the road weirs;
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Table 5-1 General characteristics of  storm events for which intensive monitoring of  the 
road section areas and catchment outlet were conducted. 
Date Total PRT (mm) Imax10 (mm hour-1) ARI7 (mm) Duration (min) 
Dec. 2, 2002 7.3 19.9 13.0 54 
Dec. 3, 2002 24.0 83.9 17.6 47 
Dec. 4, 2002 10.3 25.9 33.9 68 
Dec. 5, 2002 54.9 109.8 44.9 159 
Feb. 9, 2003 16.8 83.8 0.7 18 
Feb. 12, 2003 47.9 111.8 22.9 125 
Feb. 17, 2003 35.9 43.9 130.1 140 
Feb. 24, 2003 37.9 117.8 46.3 134 
May 9 2003 14.9 39.9 194.4 123 
Sept. 27, 2003 14.3 53.9 92.9 208 
Oct. 7, 2003 85.5 109.8 32.3 355 
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CS samples were wet-sieved through a 250-µm sieve to exclude sediment <250 µm. 
Filtrates of  road weir samples were immediately measured for specific conductance using a 
YSI 63 probe (YSI, USA). Sediment samples were immediately frozen; later they were oven 
dried at 105 ºC for gravimetric determination of  sediment concentrations. For the road 
sediment, fine sediment (FS) was calculated as the difference between TS and CS, and was 
the focus of  the present study. An assumption was made that most of  the FS measured on 
the road was delivered to the catchment outlet in suspension during each event. This 
assumption was supported by a previous study that observed 16 out of  the 25 discharge 
nodes from the logging road (including these two) transport sediment directly to channels 
and all discharge nodes were hydrologically connected (Sidle et al., 2004) 
 
5.3.3 Monitoring of  water temperature, turbidity and specific conductance 
Temperature of  the shallow subsurface zone at a depth of  approximately 70 cm 
(subsurface flow if  it occurred) was monitored by a temperature sensor integrated into the 
bottom end of  the TruTrack sensor at P-ZOBC3. Temperature of  road runoff  and air 
were monitored by temperature sensors integrated in the upper and lower ends of  the 
TruTrack probe at the road weir B, respectively; sensors were covered by a PVC pipe to 
protect them from direct exposure to sunlight. Furthermore, a YSI 6000 probe (YSI, USA) 
was installed ≈5 m upstream of  the C3 outlet weir to monitor water temperature, turbidity, 
and specific conductance at 15-min intervals. TruTrack and YSI 6000 temperature sensors 
were calibrated against a mercury thermometer; the YSI 6000 turbidity probe was 
calibrated using standard solutions at least every two months; YSI 63 and 6000 probes used 
for measurements of  specific conductance were calibrated using standard solutions twice 
during the study period. Turbidity readings were calibrated against suspended sediment 
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concentrations taken by the ISCO 2700 sampler during the 17 February, 24 February and 7 
October 2003 storms. Suspended sediment concentration (y) was significantly predicted by 
turbidity readings (x) (y = 0.0244e0.003x, r2=0.80, p<0.05, n=35; Figure 5-3), and thus it was 
assumed that turbidity could serve as a surrogate of  suspended sediment concentration. 
 
5.4. Analytical Approaches 
 
5.4.1 Separation of  event-based stormflow flux at the road section and 
catchment outlet 
Flow volume for a given period was calculated by summing the products of  average flow 
rate and time increments between sampling intervals. Event-based flow flux from the road 
section (including upslope contribution) (FLOWtotal) was determined by applying the 
stormflow separation procedures used in the C1 zero-order basin (Section 3.4.1. in Chapter 
3) to the combined hydrograph from the two road weirs. Event-based flow from the 
catchment outlet, including both HOF and SSF, was determined by the hydrograph 
separation procedure outlined by Hewlett & Hibbert (1967, p.280). 
   
5.4.2 Estimation of  HOF on the road section 
As detailed hydrologic properties of  road surface (e.g., hydraulic conductivity) and accurate 
measurements of  time lags for road runoff  to travel across the road section were 
unavailable, estimations of  HOF on the road sections for various events were conducted 
using a rather empirical approach with the records of  rainfall inputs and runoff  measured 
at the road weirs. Firstly, the potential HOF flow rate from the road section (HOFpotential) 
















Figure 5-3 Relations between suspended sediment concentration measured by the 
gravimetric method and turbidity values measured by the YSI 6000 probe. The solid line 
denote the regression line described in the text (see the section 5.3.3.). 
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the two road weirs and applying a runoff  coefficient of  100%. Secondly, approximate time 
lags for road runoff  to reach respective weirs and proportion of  runoff  volume measured 
at each weir were determined by examining storm events with negligible occurrence of  
intercepted subsurface flow (e.g., December 2, 3, 4, 2002, February 9, 2003, and September 
27, 2003). Consequently, from thorough examinations of  those 5 events with negligible 
ISSF input, it was reasonably assumed: (1) a maximum lag of  10 min and 20 min until all 
the HOF-driven runoff  drained from the road section at weirs A and B, respectively; and 
(2) runoff  to both weirs starts flowing at 1 minute after the onset of  as event. Furthermore, 
the mean (±SE) proportion of  total road runoff  that reached weir A was 48 (±2)%; thus, it 
was assumed that 48% and 52% of  HOFpotential reached weirs A and B, respectively (and 
thus 48 and 52% of  183-m2 HOF source area were assumed as contributing areas for each 
of  the weirs). Using these assumptions, a model to predict potential HOF flow from the 
road can be constructed as shown in Figure 5-4. In this exercise, hypothetical potential 
contributing areas for runoff  through each weir were arbitrarily divided into four 
sub-blocks of  equal areas (with areas of  22 m2 and 24 m2 for weirs A and B, respectively) 
and time lags for runoff  to reach respective weirs were assigned to respective sub-blocks; 
lag times were based upon linear extrapolations between 1 to 10 (weir A), or 1 to 20 (weir 
B) minutes. Therefore, flow rate of  potential HOF from each weir (HOFA t(i) and HOFB t(i); 
m3 min-1) can be expressed as follows: 
HOFA t(i) = (RA-a t(i-1) + RA-b t(i-4) + RA-c t(i-7) + RA-d t(i-10)) × 22/1000 
HOFB t(i) = (RB-a t(i-1) + RB-b t(i-7) + RB-c t(i-13) + RB-d t(i-20)) × 24/1000 
where, for example, RA-a t(i-5) refers to precipitation input (R: mm min-1) measured for 







Figure 5-4 Schematic diagram that shows the modeling approach for Hortonian overland 
flow estimation for the road. RA-a t(i) denotes precipitation (R) input to a sub-block (a) 
within the contributing area to a weir (A) at time t(i) since the onset of  precipitation events. 
TL refers to time lag (minute) assigned to each sub-block within the contributing areas to 
each weir. HOFA t(i) defines the rate of  Hortonian overland runoff  draining through a weir 
(A) at the time t(i) since the onset of  precipitation. Refer to the see the text to ascertain 




onset of  event precipitation. From these two equations, thus, total potential HOF runoff  
rate (HOFpotential t(i); m3 min-1) is: 
HOFpotential t(i) = HOFA t(i) + HOFB t(i)  
This empirical model of  HOFpotential coincided well with fluctuations in FLOWtotal rate 
observed at the weirs when the flow rate was <100 l min-1 (see Figure 5-5c; rs>0.8 with 
Spearman’s rank correlation for all the events examined using ranks of  flow rates for 
HOFpotential and FLOWtotal, n = 257) but did show a substantially delayed peak when flow 
rate became > 100 l min-1, apparently due to the increased flow velocity and thus shortened 
delivery time (rs<0.5 with Spearman’s rank correlation for all the events examined, n = 24). 
Thus, maximum lag time for weirs A and B was gradually shortened to improve the model 
predictability. As a result, shortening of  the maximum lag times to 4 and 3 min for the 
weirs A and B, respectively, when FLOWtotal rates > 100 l min-1 yielded the best model fit 
(rs>0.8 with Spearman’s rank correlation for all the events examined, n = 281). 
HOF flow rate at each measurement increment was determined by subtracting 
actual flow rate (FLOWtotal rate) from HOFpotential rate. Specifically, when the difference was 
positive, FLOWtotal rate was considered HOF and the overestimated HOFpotential was 
assumed to be due to the loss in infiltration and detention; when the difference was 
negative, HOFpotential was considered as HOF and the negative residual was considered as 
the upslope flow contribution, which potentially contained cutslope ISSF and any flow 
from ZOBC3. 
 
5.4.3 Separation of  HOF at the catchment outlet 
Specific conductance was used as the primary index to estimate HOF contribution at the 






Figure 5-5 Storm response of  the road section on 2 December 2002 and 7 October 2003: 
a) and b) precipitation; c) and d) total flow rate and potential HOF rate at the road weirs; e) 
response of  piezometer (P-ZOBC3); f) and g) air temperature at the road surface, runoff  at 
weir B, and subsurface zone or flow at P-ZOBC3; h) and i) specific conductance (SP) and 
total solid concentration (TS) in runoff. 
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was generally characterized with high specific conductance (15~20 µS cm-1), particularly at 
the beginning and slightly after the peak of  storm runoff  (see Figure 5-4h). However 
specific conductance was diluted to as low as 10 µS cm-1 when rainfall inputs (usually < 5 
µS cm-1) were high. Because baseflow specific conductance at the outlet of  C3 is ≈ 10-13 
µS cm-1, the arrival of  HOF at the catchment outlet can be detected as a temporary 
increase in specific conductance. Moreover, when storm magnitude or antecedent soil 
moisture was sufficiently high, HOF was accompanied by a sudden increase in flow due to 
contributions of  ISSF from cupslopes; these subsurface flows always had much higher and 
readily distinguishable levels of  specific conductance compared with those of  HOF (Sidle 
et al., in press, Chapter 3 and 4; see Figure 5-5i). Thus, the transition of  the dominant 
catchment flow component from road-generated HOF to subsurface flow (SSF), inclusive 
of  ISSF, was characterized by a sudden increase in specific conductance to the levels higher 
than pre-event levels that were sustained with high flow rates on the recession limb of  
storm hydrographs. The HOF separation procedure at the catchment outlet of  C3 was 
facilitated by using water temperatures at the outlet and in piezometer P-ZOBC3 (for 
relatively shallow subsurface flow), and sediment concentrations or turbidities (as 
surrogates of  sediment concentration) when necessary. Justification of  the use of  such 




5.5.1 Examples of  road section response 
ISSF contributions from upslope to FLOWtotal became substantial when total rainfall and 
antecedent moisture were high. Typical storm responses for the road section with or 
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without the influence of  ISSF are presented and discussed.  
During a small storm (7 mm of  precipitation) on 2 December 2002, no hydrologic 
contributions from upslope occurred (Figure 5-5a and Figure5-5c). Excess HOFpotential 
relative to FLOWtotal was observed, indicating that not all of  the rainfall reached the weirs. 
No piezometric response was observed at P-ZOBC3. Water temperature measured at the 
weir increased at the onset of  runoff  and gradually decreased, indicating a warming of  
precipitation water by the road surface due to the relatively small inputs and the large 
surface area contact (Figure 5-5f). Both specific conductance and sediment concentrations 
peaked at the beginning and end of  the runoff  showing an inverse relationship with flow 
(Figure 5-5h). 
On 7 October 2003, in contrast, an 85 mm storm resulted in significant upslope 
contributions to runoff  (Figure 5-5b and Figure 5-5d). Despite the decrease in HOFpotential 
towards the end of  the storm, FLOWtotal continued to increase due to upslope 
contributions. In this case, 96% of  the FLOWtotal was accounted for by ISSF. A sudden rise 
in piezometric head (at P-ZOBC3) to near the soil surface indicated the development of  
soil saturation in the lower part of  the ZOBC3 (Figure 5-5e). Temperature of  shallow 
groundwater measured at P-ZOBC3 was approximately 25ºC before the event and 
remained constant even after the development of  soil saturation (Figure 5-5g). 
Temperature of  runoff  at weir B decreased similarly to air temperature during maximum 
rainfall intensity, suggesting a dominant influence of  rainfall water; temperature gradually 
increased to the level of  shallow groundwater temperature rather than air temperature. 
Similar to the 2 December 2002 event, specific conductance and sediment concentrations 
were both high at the beginning of  the event (Figure 5-5i); nevertheless, specific 
conductance increased corresponding to the increase in upslope contributions, whereas 
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sediment concentrations progressively decreased to a negligible level.  
In these examples, the noted increases and dominance of  ISSF contributions can 
also be explained by the co-occurrence of  four conditions: (1) increase of  piezometric 
head; (2) shift of  water temperature towards the temperature of  shallow groundwater; (3) 
decrease in sediment concentration; and (4) increase in specific conductance to > 30 µS 
cm-1. These conditions were consistently applicable in detecting ISSF contributions for the 
other storms examined (Table 5-1). 
 
5.5.2 Examples of  catchment outlet responses 
Distinct hydrologic responses from the road section with or without ISSF resulted in 
characteristic differences in C3 outlet responses. Here typical storm responses at the 
catchment outlet are shown, with or without subsurface contributions related to road 
runoff. The delay of  peak flow rate relative to peak rainfall intensity for the 2 December 
2002 and 7 October 2003 storms were 70 and 21 min, respectively; runoff  coefficient was 
substantially higher for the latter (48%) relative to the former event (1.5%) (Figure 5-6a, b, 
c, and d). Temperature changes at the catchment outlet showed no correspondence to 
those at weir B during the December storm whereas temperatures at the outlet approached 
those at weir B and remained almost the same towards the latter half  of  the hydrograph 
during the October storm (Figure 5-6e and f). Specific conductance and sediment 
concentrations changed corresponding to flow changes during the December storm, 
suggesting flushing of  materials from road surfaces (Figure 5-6g). In contrast, during the 
October storm, specific conductance measured at the outlet of  C3 catchment gradually 
increased to > 30 µS cm-1 with a decrease of  sediment concentration towards the latter half  







Figure 5-6 Storm response of  the C3 catchment outlet on 2 December 2002 and 7 
October 2003: a) and b) precipitation; c) and d) flow rate at the road weirs; e) and f) 
temperature of  runoff  at the weir B and at the catchment outlet; g) and h) specific 
conductance (SP) and total solid concentration (TS). Filled circles in c) and d) denote 
points used in separating the subsurface flow component, which were determined based 
upon specific conductance; see the text for more details of  separation rationale and 
procedures; strait lines drawn from the point of  the flow increase indicate the stormflow 
separation line according to Hewlett & Hibbert (1967, p.280). 
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5-6h). These results together with information on the road section suggest that a shift from 
HOF-dominant storm flow to shallow subsurface flow (inclusive of  ISSF) at C3 outlet can 
be also inferred at least for large storms by the co-occurrence of  three conditions: (1) shift 
of  water temperature towards that of  P-ZOBC3, (2) decrease of  sediment concentration, 
and (3) increase of  specific conductance to > 30 µS cm-1.  
In thorough examinations of  11 storms with detailed road and outlet information 
available, specific conductance was consistently the most useful index for detecting the 
arrival of  HOF and also subsurface flow (if  observed), and thus was considered most 
appropriate for separating HOF at the outlet of  C3. In contrast, temperature was not 
always a reliable signature, particularly when ambient temperature was variable or 
precipitation inputs and the contributions of  subsurface flow were small; sediment 
response patterns also depended on entrainment capacity that is partly controlled by 
maximum rainfall intensity (see Sidle et al., 1993). As a result, a 100% contribution of  HOF 
from the road surface to catchment stormflow was assumed from the onset of  storms until 
the peak of  specific conductance (flushing by HOF; Figure 5-6c and g) or the timing of  
the gradual increase in specific conductance (i.e., noting a shift in the dominant 
contribution from HOF to SSF; Figure 5-6d and h). HOF was assumed to be a negligible 
contributor when flushing ceased (decrease of  SP to the pre-event level; see Figure 5-6c 
and g) or when a shift to the apparent dominance of  subsurface flow was observed 
(sustained high level of  SP relative to the pre-event level; see Figure 5-6d and h); the 
progressive decrease in HOF contribution between these two points was linearly 
extrapolated. Temperature and sediment concentrations were only used for validating 
separation criteria based on specific conductance when applicable. 
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5.5.3 Road HOF response and its contribution to catchment runoff 
HOF was separated for 42% (n=56) of  observed storms (n=132) during the study. The 
estimated HOF from the road section was well predicted by linear relationships (Figure 
5-7a). The slopes of  these linear relationships (see Figure 5-7a) were not statistically 
different (ANCOVA, interaction effect between HOF depth and ARI7 with precipitation as 
a covariate, F1,52=0.1, p=0.74), suggesting negligible influences of  antecedent moisture 
conditions on HOF. HOF was separated from the outlet of  C3 for a total of  28 storms; 11 
event-based monitored storms and 17 other storms with specific conductance data were 
available for this analysis. Antecedent soil moisture conditions significantly influenced 
HOF response measured at the catchment outlet (Figure 5-7b; ANCOVA, interaction 
effect between HOF volume and ARI7 with precipitation as a covariate, F1,23=15.9, 
p<0.001).  
 
5.5.4 Estimation of  contribution area of  HOF 
Using HOF volumes estimated at the catchment outlet (HOFCATCHMENT) and corresponding 
event-based unit area road HOF (HOFROAD), the contributing areas of  HOF (AREAHOF) 
were estimated for a total of  28 storms (Figure 5-7); AREAHOF (ha) = HOFCATCHMENT (l) / 
HOFROAD (l ha-1). If  the source area of  HOF that contributed to catchment stormflow 
remained relatively constant regardless of  rainfall characteristics and antecedent moisture 
conditions, AREAHOF should remain nearly constant. Only during events with higher 
antecedent moisture conditions did contributing areas increase linearly relative to 
log10-tranformed total rainfall (Pearson’s correlation: r=0.87, p<0.001, n=20 for ARI7 of  
≥30 mm; r=0.29, p=0.52, n=7 for ARI7 of  <30 mm). In most cases, except the storm on 7 
October 2003, the estimated contributing areas for HOF were within potential 
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Figure 5-7 a) Estimated Hortonian overland runoff  (depth) response on the road surface; 
b) estimated HOF (volume) response at the catchment outlet. Open and closed circles 














Figure 5-8 Estimated contributing areas of  HOF for different antecedent moisture 
conditions: open and filled circles denote events with ARI7 of  ≥ 30 mm and < 30 mm, 
respectively. The areal extent of  potential HOF generating land surfaces are shown for 
reference; area A: main roads, area B: main roads and landing areas, area C: main roads, 
landing areas and skid trails. Solid and dotted lines indicate a regression line relationship 
between HOF contribution area and rainfall with and without correcting for direct 
precipitation falling onto saturated areas (DPSA). Refer to the text for the detailed 
explanations of  DPSA corrections. Note that the x-axis is on a logarithmic scale. 
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and skid trails (Figure 5-8). 
 
5.6. Discussion 
The findings of  this chapter show that both the estimated HOF from the road section as 
well as at the catchment outlet increase with increasing rainfall. Back-calculation of  
event-based contributing areas of  HOF within the catchment using a unit area HOF rate 
obtained on the road surface indicated that the spatial extent of  the contributing area of  
HOF did not remain constant. This finding concurs with the view that the spatial extent of  
land surface from which HOF was delivered to the catchment outlet expands with 
increasing rainfall, at least when antecedent moisture condition is relatively high, supporting 
my hypothesis. Because the approach was based upon several assumptions and inclusive of  
potential errors in estimating HOF, the findings need to be carefully examined and 
interpreted. 
Numerous earlier catchment studies have suggested that roads are a major cause of  
increased sediment export and/or altered hydrological regimes in relation to land use 
activities such as timber harvesting (Hornbeck & Reinhart, 1964; Brown & Krygier, 1971; 
Harr et al., 1975; Beschta, 1978; King & Tennyson, 1984; Davies & Nelson, 1993; Douglas 
et al., 1992; Zulkifli & Suki, 1994; Jones & Grant, 1996; Wemple et al., 1996; Jones, 2000; 
Wemple & Jones, 2003). One of  the challenges in such catchment studies has been the 
difficulty in attributing outlet-observed responses to spatially explicit disturbances and 
activities within catchments. This is largely because phenomenon detected at catchment 
outlets reflect an integration of  several temporally and spatially interdependent 
intra-catchment processes. In C3, catchment-scale disturbance resulted from two major 
activities: (1) construction of  vehicle paths and landings; and (2) extraction of  
commercially valuable trees on the hillslope (see Sidle et al., 2004). Removal of  trees from 
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the hillslope surface may have resulted in disturbance of  the soil surface and thus changes 
in soil surface hydrologic characteristics (i.e., disturbance or removal of  the organic layer 
and possibly reduced infiltration capacity (e.g., Incerti et al., 1987; Malmer & Grip, 1990). 
However, despite potential impacts on hillslope in the past, field observations revealed that 
hillslopes were well vegetated and surface disturbance was negligible in C3 three years after 
operations. In fact, measurements of  saturated hydraulic conductivity of  hillslope soils 
around ZOBC3 showed no significant difference compared with those from an adjacent 
undisturbed catchment (ZOBC1; see Ziegler et al., in review). Furthermore, based upon 
field sampling, sediment concentrations from ZOBC3 were always negligible 
(volume-weighted mean of  <1 mg l-1) compared to the HOF road runoff  
(volume-weighted mean of  3.1 g l-1). Considered together with the fact that hillslope 
surfaces unlikely generate HOF due to highly permeable soils, it was reasonable to assume 
that HOF with high levels of  sediment did not originate from vegetated hillslopes; they 
were generated primarily from main roads, landing areas, or skid trails. These assumptions 
are supported by many field observations in C3 during a wide range of  storms. 
The procedure used to separate HOF from the remainder of  the stormflow (i.e., 
subsurface flow: SSF) at the catchment outlet was based upon the following assumptions 
regarding the general patterns of  HOF and SSF: HOF was the first component delivered 
to the catchment outlet (with 100% contribution to the total stormflow) and was 
progressively replaced by SSF when it occurred. Importantly, these assumptions were 
derived from the thorough examination of  hydrology and responses of  sediment, specific 
conductance, temperature and groundwater data obtained on or near the experimental road 
section, which are believed to be representative in terms of  generation of  HOF and ISSF 
(e.g., timing, amount, and quality) on the main road system as a whole. The experimental 
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road section was a representative section of  the main road related to HOF generation, 
because its gradient, width, and surface condition were quite similar to that of  the greater 
road system. Furthermore, the road section was cut below the hydrologically impeding 
layer in the regolith and consequently intercepted flow at the cutslope that included a 
zero-order basin. A study conducted in an adjacent relatively undisturbed catchment 
suggests that the convergent topography of  zero-order basins plays a very important role 
in the generation of  SSF stormflow relative to the other catchment areas, especially during 
large events (Chapter 3 and 4). Thus, ISSF observed on the road section was likely a 
reasonable representation of  the timing and chemical signatures of  SSF generation relative 
to HOF within the catchment. This assumption is supported by the close match of  both 
temperature and conductivity values between the catchment outlet and road section shortly 
after the ISSF dominated flow on the road section during large storms. 
Probably the most serious error in estimating HOF source area was the lack of  
information on saturated overland flow sources within the catchment that would 
contribute to runoff: direct precipitation onto saturated areas (DPSA). DPSA is known to 
be a relatively fast flow pathway contributing to storm hydrographs, especially in 
near-channel areas and hillslopes with thin soil horizons (Dunne & Black, 1970; Bonell & 
Gilmour, 1978; Sklash et al., 1986). An expansion of  saturation area and thus increasing 
contribution of  DPSA to catchment flow with increasing rainfall could have confounded 
the previous explanation of  the positive relationship between rainfall amount and HOF 
contribution (shown in Figure 5-8). In C3, however, DPSA on hillslopes was negligible 
because field monitoring indicated that < 2% of  total flow observed on the road was 
potentially attributable to DPSA from ZOBC3 (Negishi et al., in press), although areas with 
convergent topography should be the most conducive to DPSA occurrence (Dunne & 
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Black, 1970). Also, DPSA on hillslopes was a negligible component of  stormflow 
hydrographs in a zero-order basin in a neighboring catchment (Chapter 3). No noticeable 
co-occurrence of  discharge with low specific conductance (≈ 5 µS cm-1) and low sediment 
was observed during precipitation; such water quality attributes are expected as signatures 
of  DPSA from hillslopes. Finally, I observed no widespread saturated overland that was 
directly connected to downstream areas on catchment slopes during storm events. 
Therefore, only the stream channel and floodplain were considered in an attempt to correct 
HOF for the DPSA influences. Based upon field measured cross-sectional profiles at 10-m 
intervals along the main stream channel (Figure 5-1) and also field observations in other 
tributaries, maximum potential DPSA area was estimated as 0.1 ha; 0.1 ha was derived from 
a summation of  total area of  channel width (0.045 ha) and streamside floodplain (0.055 ha). 
In this estimation, floodplain areas were delineated by observing the abrupt decrease in 
slope gradient at the foot of  hillslopes towards the stream channel. To reinforce the 
positive relationship between rainfall amount and contributing area (Figure 5-8), areas 
conducive to DPSA was assumed to increase linearly from the channel areas (0.05 ha) to 
the maximum extent of  the riparian zone (0.1 ha) for the range of  observed rainfall from 
5.5 to 85.5 mm (see Figure 5-8). Even with this correction, a significant positive correlation 
between event rainfall and estimated HOF contributing area was retained (Pearson’s 
correlation, r=0.80, P<0.001, n=20), suggesting that the increasing HOF contributing area 
was not solely an artifact of  expanding DPSA, but rather the actual expansion of  its source 
area. 
Another potential error in the estimation of  contributing area of  HOF was due to 
the application of  the unit area HOF generation rate obtained on the experimental road 
section to the entire estimated HOF volume at the catchment scale. As mentioned earlier, 
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HOF from the road segment was probably a reasonable representation of  the entire main 
road system, but possibly not of  the landing areas and skid trails. For example, skid trails 
are expected to be less compacted due to lesser vehicle passes and do not have extensive 
exposed saprolite or bedrock surfaces due to displacement of  surface soil (e.g., Baharuddin 
et al., 1995; Sidle et al., 2004). Thus, higher infiltration capacities likely occur on skid trails 
relative to main road surfaces. In contrast, landing areas appeared to be as impermeable as 
the main logging roads based upon field observations, due to their proximity to the logging 
road network and intensive vehicular activity during yarding and log export. Thus, the 
estimated HOF contributing area may have been slightly underestimated by the 
overestimation of  the HOF generation capacity of  skid trails. Unfortunately, the exact 
extent of  such influences remains unknown due to the lack of  distributed data on 
hydrologic properties of  skid trail surfaces. Nevertheless, as the main road surface and 
landing areas were the most conductive to HOF generation and most directly connected to 
stream systems through discharge nodes (Sidle et al., 2004), a majority of  HOF appearing at 
the catchment outlet during the small storms likely originates from the main road and 
landing areas. Thus, little bias should result for the lower left corner of  the relationship in 
Figure 5-7. In contrast, an artifact of  underestimating the contributing area of  skid trails 
probably results in a disproportionate lowering of  the contributing areas during large 
storms (e.g., upper right part of  the relationship in Figure 5-8). At least, such bias due to 
skid trails should not contradict the observed pattern that provides indirect evidence of  the 
variable expansion of  HOF contributing area. No evidence for the increases in HOF 
contributing area versus event rainfall was observed for relatively dry antecedent conditions 
(events with ARI7 of  <30 mm). This could be possibly due to the lack of  data for these 
events with relatively small rainfall. 
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Recent studies suggest that the extent of  road impacts on catchment processes are 
not only explained by the extent of  sediment production and hydrologic processes 
observed on the road surface, but also the connectivity of  these fluxes to downstream 
water bodies (Wemple et al., 1996; Croke & Mockler, 2001; Sidle et al., 2004). These former 
two studies focused on the hydrological linkages of  roads to streams based upon field 
observations of  possible increases in drainage density or total contributing road length to 
particular discharge locations. In contrast, Sidle et al. (2004) focused on both hydrological 
connectivity and linkages of  sediment sources to stream systems based upon field 
measurements including quantitative analyses of  sediment deposits on hillslope. 
Importantly, these earlier studies share a similarity in that field observations were 
conducted mostly during non-storm periods and thus results do not reflect the potentially 
dynamic nature of  linkages and connectivity. In this study, the estimated HOF contributing 
area exceeded the total areas of  the main logging road and skid trails (area B in Figure 5-8) 
when events were > 20-30 mm. This clearly indicates that skid trails also substantially 
contributed to HOF observed at the catchment outlet during larger events despite their 
relatively distant locations from stream channels. As Sidle et al. (2004) reported, hydrologic 
and sediment pathways that link road surfaces to stream channels is facilitated by various 
“nodes” that are observed as well developed gullies/rills or more subtle overland pathways 
where organic layers are displaced. These results provide plausible support to the notion 
that dynamic expansion of  HOF source areas are partly caused by variable hydrological 
connectivity related to event characteristics. For example, nodes characterized by gully 
features at their outlets likely serve as efficient conduits for runoff  drainage relative to 
nodes that discharge water onto vegetated hillslopes; the latter nodes likely require a greater 
amount of  rainfall to become hydrologically linked to channels compared to the former 
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nodes. The next chapter examines the dynamics of  road-intercepted subsurface flow as 
opposed to road-generated Hortonian overland runoff, focusing on its influences on both 





















Chapter 6.  
Processes Related to Intercepted Subsurface Flow 




6.1. Chapter abstract 
Hydrological and sediment fluxes were monitored for 1 yr in C1 and C3. The conditions of  
the sediment stored within stream channels of  both catchments were also monitored to 
explore the downstream effects of  road-generated sediment. On a 51.5-m road section, 
ISSF comprised a negligible to minor component of  road runoff  during smaller storms 
(especially with dry antecedent conditions), but became increasingly important as rainfall 
and antecedent wetness increased, contributing nearly 90% of  the runoff  during the largest 
storms. ISSF contributions from the roadcuts with convergent slopes became more 
pronounced with an increasing rainfall compared with relatively planar hillslope areas. 
During 6 storms with ISSF inputs out of  11 events that were intensively monitored in the 
study, 27% of  the sediment export and 77% of  the runoff  from the road section was 
directly attributable to ISSF. Total sediment export from the road surface (170 t ha-1 yr-1) 
and suspended sediment export from the logging-disturbed catchment (4 t ha-1 yr-1) were 
exceptionally high despite a 3-yr recovery period. Sediment stored within the channel was 
characterized by much finer grain-sized material with greater temporal instability in C3 
relative to C1. ISSF caused not only additional road-generated sediment export but also 
appeared to have exacerbated HOF-driven erosion, preventing vegetation recovery on the 
road surface. 
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6.2. Chapter introduction   
Acceleration of  natural erosion rates due to land conversion constitutes a significant 
economic and environmental loss at the global scale (Pimentel et al., 1995). Forest roads are 
major landscape features that alter natural hydrological processes and sediment export in 
mountainous areas throughout the world due to their propensity to generate Hortonian 
overland flow (Swanson & Dyrness, 1975; Reid & Dunne, 1984; Swift, 1984; Montgomery, 
1994; Baharuddin et al., 1995; Ziegler & Giambelluca, 1997; Luce & Black, 1999; Ziegler et 
al., 2000; Fransen et al., 2001; MacDonald et al., 2001; Megahan et al., 2001; Sidle et al., 2004). 
Furthermore, large volumes of  sediment entering streams can be produced due to mass 
wasting process promoted by redistribution of  overland flow (Swanson & Dyrness, 1975; 
Sidle et al., 1985; Montgomery, 1994) or surface erosion caused by rain splash erosion and 
road traffic (Reid & Dunne, 1984; Swift, 1984; Baharuddin et al., 1995; Wemple, 1996; Luce 
& Black, 1999; Ziegler et al., 2000; Fransen et al., 2001; MacDonald et al., 2001; Megahan et 
al., 2001; Ziegler et al., 2001a). These earlier studies suggest that careful road management 
should consider the following environmental factors related to road features: (1) soil 
erodibility and local geology, (2) rainfall characteristics, (3) road gradient and length, (4) 
road maintenance and traffic, and (5) connectivity via overland flow between sources and 
receiving water body (see Sidle et al., 2004; also findings in Chapter 5). 
Roads also have the potential to affect hydrological processes by intercepting and 
transforming subsurface flow into surface pathways if  conditions are favorable (Burroughs 
et al., 1972; Megahan, 1972; Megahan, 1983; Megahan & Clayton, 1983; Wemple & Jones, 
2003). Intercepted subsurface flow (ISSF) has been frequently referred to as an explanation 
of  hydrological regime changes (e.g., Harr et al., 1975; King & Tennyson, 1984; Jones & 
Grant, 1996; Wemple et al., 1996; Jones, 2000), suggesting its occurrence is rather frequent. 
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Few studies have attempted to quantify the relative contribution of  ISSF compared with 
HOF in road runoff  (Megahan, 1972; Wemple & Jones, 2003). Nevertheless, no study has 
examined the relative roles of  these two road runoff  mechanisms in road sediment 
production and export. If  road cuts produce ISSF, associated erosion in addition to that 
caused by HOF could then be substantial (e.g., Megahan, 1972). Prolonged wetting of  the 
road surface and erosion caused by ISSF potentially hinder the establishment of  vegetation 
on the road surface, which is an important factor in reducing road-generated sediment 
(Beschta, 1978; Baharuddin et al., 1995; Luce & Black, 1999; Negishi et al., in press), further 
exacerbating road impacts.  
An experimental study site was established particularly within C3 to quantify the 
contribution of  HOF and ISSF to road runoff  and sediment production, and relate these 
to catchment sediment export and in-stream sediment conditions. The following field 
information was collected in C3: (1) sediment export from the catchment outlet; (2) 
particle sizes and temporal dynamics of  sediment stored within the channel; (3) variable 
responses of  ISSF relative to HOF associated with rainfall amount and antecedent soil 
moisture; (4) variable responses of  ISSF with and without influences of  a geomorphic 
hollow (zero-order basin); and (5) relative roles of  ISSF and HOF on sediment export 
from a 51.5-m road section. In particular, information related to (1) and (2) was compared 
to those measured for an adjacent relatively undisturbed catchment. This chapter aims to 
provide some empirical basis for road design to lessen adverse impacts and promote road 
restoration efforts with particular emphasis on ISSF. 
 
6.3. Methodology  
 
 138
6.3.1 Characterization of  in-stream condition 
Selected reaches of  the C1 and C3 stream channels were measured for wetted channel 
width, channel gradient, particle size of  streambed material and fluctuation of  the 
streambed surface (Figure 6-1). A laser-based surveying system (Impulse 200, Laser 
Technology, USA) was used to obtain longitudinal channel profiles. Two substrate samples 
were collected from the streambed at 20-50 m intervals on 10-11 April 2003 using a 11.6 
cm (diameter) × 10 cm (depth) stainless steel core. Only one sample was collected where 
the wetted stream width was less than 1 m. These sediment samples were immediately 
air-dried followed by later over-drying at 105 ºC for 24 hours and sieving through mesh 
sizes of  0.5, 1, 2, 4, 8, 11 and 16 mm to obtain 50% weight percentile particle size (D50). 
Streambed fluctuation was determined by burying one 50-cm scour chain (see Nawa & 
Frissel, 1993; Matthaei et al., 1999) at mid-channel locations, 1 m downstream of  each 
core-sampling location on 20-21 February 2003. The length of  scour-chain that was either 
buried or exposed was measured on 11 April, 16 May, 31 May, and 15 June 2003.  
 
6.3.2 Hydrological monitoring 
Hydrological monitoring at the road section and outlet of  C3 was conducted as described 
in the Section 5.3.1 of  Chapter 5. The outflow from catchment C1 was monitored as 
described in the Section 4.3.1 of  Chapter 4. Incident precipitation was continuously 
monitored by a tipping bucket rain gauge in an open area approximately 80 m from the 
road section (Section 2.2.2.2 of  Chapter 2). Rainfall events were defined as a ‘storm’ if  at 
least 5 mm of  total rain fell with no periods of  unmeasured rainfall for >60 min; 7-day 







Figure 6-1 The location of  the experimental road section, zero-order basins, and 
catchment outlets; shaded areas along the stream channel denote the section where channel 
and substrate surveys were conducted. a) a view of  the ZOBC3; SB: slope boundary across 
which the logging road cut down to the saprolite layer; ZB: zero-order basin boundary, and 
b) a schematic diagram of  runoff  monitoring system showing the locations of  road weirs, 
the ZOB weir, and the directions of  Hortonian road runoff; the shaded area on the road 
denotes noticeable rills where flow tended to concentrate; LB: logging road drainage 
boundary; A and B: gullies where road runoff  drained to the downstream system. Note 
that the picture in panel (a) was taken in January 2004 immediately after catchment was 
clear-felled and burnt with little alteration of  pre-disturbance surface topography. 
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 it strongly influenced subsurface flow response based on findings in Chapter 3 and 5. 
 
6.3.3 Event-based monitoring of  sediment 
Event-based monitoring of  sediment from the experimental road section was conducted as 
described in the Section 5.3.2 of  Chapter 5 during 11 events (Table 6-1). Additionally, the 
outlet of  C1 was instrumented with an ISCO 3700 pumping sampler as explained in the 
Section 4.3.1 of  Chapter 4 to collect suspended sediment samples. Turbidity measurements 
described in the Section 5.3.3 of  Chapter 5 were used here as surrogates for suspended 
sediment concentrations at the outlet of  C3 to produce a more complete record. 
 
6.3.4 Analytical approaches 
6.3.4.1   Event-based separation of  road-related HOF and ISSF 
Event-based road-generated HOF and road-intercepted ISSF were determined based upon 
the hydrograph separation procedures explained in Sections 5.4.1 and 5.4.2 of  Chapter 5. 
In short, HOF was estimated by precipitation falling on the contributing road surface area 
(183 m2) accounting for the time lag for runoff  to reach the road weir, whereas ISSF was 
the residual of  total road runoff  after subtracting estimated HOF. In this chapter, I further 
separated ISSF into ISSFhillslope and ISSFZOB; ISSFhillslope is the residual of  ISSF after 
subtracting ISSF measured at the ZOBC3 weir (ISSFZOB). Thus, ISSFhillslope and ISSFZOB 
were considered as portions of  ISSF that appeared respectively from the road cutslope 
with and without the influence of  the converging hillslope that characterized C3ZOB. 
Event-based flow flux at the catchment outlet was determined by the separation procedure 
of  Hewlett & Hibbert (1967, p.280). 
 141
Table 6-1 General characteristics of  the monitored storm events. 
 
 
†Suspended sediment yield for C1 was quantified only for these events. 
 
Date Total PRT (mm) Imax10 (mm/hour) ARI7 (mm) Duration (min.) 
Dec. 2, 2002† 7.3 19.9 13.0 54 
Dec. 3, 2002† 24.0 83.9 17.6 47 
Dec. 4, 2002† 10.3 25.9 33.9 68 
Dec. 5, 2002† 54.9 109.8 44.9 159 
Feb. 9, 2003 16.8 83.8 0.7 18 
Feb. 12, 2003 47.9 111.8 22.9 125 
Feb. 17, 2003 35.9 43.9 130.1 140 
Feb. 24, 2003† 37.9 117.8 46.3 134 
May 9 2003 14.9 39.9 194.4 123 
Sept. 27, 2003 14.3 53.9 92.9 208 
Oct. 7, 2003† 85.5 109.8 32.3 355 
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6.3.4.2   Estimation of  sediment export 
Sediment flux over a given period was calculated by summing the products of  average 
sediment concentration and average flow rate distributed throughout that period. 
Event-based total sediment export at given sampling locations was calculated by summing 
sediment flux over the duration of  individual storms. For the experimental road section, 
total fine and coarse sediment export (FStotal and CStotal) from the road, inclusive of  
sediment originating from upslope (i.e., ZOBC3), was estimated by summing the sediment 
exports at weirs A and B. Road-generated fine and coarse sediment export (FSroad and 
CSroad) was obtained by subtracting sediment export at ZOBC3 (only FS) from FStotal, 
whereas CSroad was equivalent to CStotal. For the events with no observations of  subsurface 
flow, and thus no influence of  upslope contribution, all the FSroad was assumed to be 
generated by HOF. In contrast, when an upslope flow contribution occurred, FSroad and 
CSroad were calculated as the sum of  HOF- and ISSF-related sediment. For the catchment 
outlet, sediment export was calculated using stormflow rates obtained using standard 
baseflow separation procedures (Hewlett & Hibbert, 1967, p.280) and corresponding 
sediment concentrations obtained from water samples as well as turbidity measurements. 
 Relationships between flow rate and corresponding sediment concentration for 
events in which ISSF was negligible (i.e., <1% relative to HOF; events on 2 December 
2002, 3 December 2002, 4 December 2002, and 27 September 2003), were never significant 
probably because of  the high variability in rainfall intensity as well as hysteresis effects. 
Thus, separation of  HOF-related and ISSF-related sediment was conducted as follows. 
First, volume-weighted average sediment concentrations were calculated from those events 
in which ISSF was negligible (i.e., the four events discussed previously where <1% of  HOF 
was ISSF). Then, volume-weighted average sediment concentration was multiplied by 
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estimated HOF volume for those events with significant ISSF. The ISSF-related sediment 
component was calculated as the difference between total road-generated sediment and 
total HOF-related sediment estimated for individual storms. 
 
6.3.4.3   Statistical analyses 
To test for statistical assumptions of  ANCOVAs, the data were first fitted to the complete 
general linear model and residuals were compared for deviations from a normal 
distribution using the Shapiro-Wilks test. The dependent variables were 
log10(x+1)-transformed to improve normality of  residual distributions wherever 
appropriate. All the statistical analyses were conducted using SPSS (version 11, SPSS, USA) 




6.4.1 Catchment suspended sediment export 
Event-based suspended sediment export from C3 (standardized by area) was obtained by 
turbidity measurements and water samples for gravimetric analyses for 27 and 11 events, 
respectively. The relationship obtained by regressing event-based turbidity-derived sediment 
export against event precipitation was statistically indistinguishable from that determined 
using the direct measurements of  suspended sediment for the 11 monitored events 
regressed against event precipitation (Figure 6-2; ANCOVA with measurement type as the 
main effect and total event precipitation as the covariate, F1,36=0.1, p=0.76). Therefore, 
suspended sediment export obtained by the two different methods was pooled to form one 
















Figure 6-2 Event-based relationships between unit-area suspended sediment yield and 
precipitation for C1 and C3. Note that both axes are on a logarithmic scale. For C3, the 




Event-based unit area suspended sediment yield from C3 was greater from catchment C1 
for a given precipitation (ANCOVA with catchment type as main effect and precipitation as 
covariate, F1,43=15.9, p<0.001) (Figure 6-3). Over the range of  observed total event 
precipitation values (5.5-90.5 mm), event-based sediment export was on average 4.9 times 
greater in C3 relative to C1. 
 
6.4.2 In-stream characteristics 
Average (±SE) wetted widths of  C1 and C3 channels were 2.0 (±0.2) m and 1.8 (±0.5) m, 
respectively. Bedrock was exposed (bedrock outcrop) at two locations along the C1 stream 
channel: only one location was within the main channel, the other was in the upstream 
tributary (Figure 6-3a). To obtain average channel gradient, bedrock sections were excluded 
in this study because total length of  such areas accounted for only 8% of  the entire 
channel length examined. Excluding the areas of  bedrock outcrops, average stream 
gradient for the C1 and C3 channels were 2.9 and 2.7%, respectively. Mean D50 was greater 
in the C1 channel (11.4 mm) compared to the C3 channel (2.5 mm) (Figure 6-3c and d). 
Furthermore, the average fluctuation of  the streambed elevation, as determined by scour 
chains, was greater for the C3 channel than for the C1 channel (6.1 cm versus 1.9 cm) 
(Figure 6-3e and f). 
 
6.4.3 Relative contributions of  HOF and ISSF to road runoff 
HOF and ISSF was successfully separated in 56 of  the 132 observed storms; these 
components could not be adequately segregated for 76 events due to malfunctioning of  the 
WHR probes or the occurrence of  multiple events during short periods. A strong linear 






Figure 6-3 The following parameters were measured along the both C1 and C3 channels: 
a) and b) relief; c) and d) 50th percentile for particle size (D50); e) and f) bed surface 
substrate fluctuation (based on scour chain data). Bedrock outcrops (BO) shown in a). 
Different symbols in e) and f) denote different measurement days: filled circles – 11 April 
2003; gray circles – 16 May 2003; open circles – 31 May 2003; and filled triangles – 15-May 
2003. Gray lines show mean values across sampling locations in c), d), e), and f). Data 
points in c) and d) accompanied with asterisks denote that the D50 was <0.5 mm, which 
























Figure 6-4 a) Estimated HOF response on the road surface; b) estimated ISSF response 
on the road surface; c) ratio of  ISSF to the sum of  ISSF and HOF on the road section. 
Open and closed circles denote the events with ARI7 of  ≥ 30 mm and < 30 mm, 
respectively. Contribution areas of  183 m2 and 0.42 ha were used to calculate runoff  depth 
for a) and b), respectively. 
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logarithm of  event rainfall amount with no influence of  antecedent moisture conditions 
(Figure 6-4a; using ANCOVA with ARI7 as the main effect and precipitation as the 
covariate, F1,52=0.1, p=0.74). In contrast, ISSF responses to precipitation were dependent 
on ARI7. The threshold rainfall that induced ISSF response was about 20 mm when ARI7 
was ≥30 mm (open circles, Figure 6-4b). However, even a storm event of  40 mm did not 
cause a noticeable response when ARI7 <30 mm (darkened circles, Figure 6-4b). 
Furthermore, a significantly greater ISSF volume was predicted for a given precipitation 
depth when ARI7 was high (using ANCOVA; significant interaction effect between event 
precipitation and ISSF depth with precipitation as a covariate, F1,52=34.3, p<0.001). 
Consequently, the proportion of  ISSF to the summation of  HOF and ISSF tended to 
increase progressively for events with higher amounts of  rainfall. This proportion was 
especially large when ARI7 was ≥30 mm (ANCOVA with flow type as the main effect and 
precipitation as the covariate, F1,52=20.1, p<0.001) (Figure 6-4c). 
 For events when ISSF occurred (32 of  the 56 events which were separated), 
runoff  duration was significantly different among HOF, ISSFZOB, and ISSFhillslope, (one-way 
ANOVA with event as a repeated factor, F2,62=60.3, P<0.001; Figure 6-5). For example, 
durations of  ISSFZOB and ISSFhillslope were significantly longer than that of  HOF (Tukey’s 
multiple comparisons; Figure 6-5). Peak flow rates of  HOF and ISSF were similar for those 
events (n=6; rainfall amount >45 mm and ARI7 >30 mm) with very high ISSF inputs 
(>95% of  road runoff) (paired t-test on log10-tranformed peak flow; p=0.08) (Figure 6-6c). 
In contrast, peak flow rate of  HOF was higher relative to that of  ISSF for those events 
(n=26) with relatively lower ISSF inputs (<95% of  road runoff) (paired t-test on 


















Figure 6-5 Box plots of  runoff  duration of  HOF, ISSFZOB, and ISSFhillslope for the events 
with substantial ISSF input (n=32). Letters above bars denote statistical results of  one-way 
ANOVA followed by Tukey’s multiple comparisons among HOF, ISSFZOB, and ISSFhillslope 










Figure 6-6 Box plots of  a) peak flow rate of  HOF and ISSF and b) peak flow rate of  
ISSFZOB, and ISSFhillslope for events with relatively small ISSF inputs (<95% of  FLOWroad) 
(n=26); box plots of  c) peak flow rate of  HOF and ISSF and d) peak flow rate of  ISSFZOB, 
and ISSFhillslope for events (rainfall >45 mm and ARI7> 30 mm with very high ISSF inputs 
(>95% of  FLOWroad). Letters above or below plots denotes statistical results of  paired 





6.4.4 Characteristics of  ISSFZOB and ISSFhillslope 
The responses of  ISSF from the hillslope and ZOBC3 were variable depending on total 
storm rainfall and antecedent moisture conditions. While the ISSFZOB contribution to total 
ISSF was generally smaller than the ISSFhillslope component for relatively small events, the 
ISSFZOB contribution became progressively dominant for larger events (Figure 6-7). 
Furthermore, when antecedent conditions were relatively dry, no subsurface flow 
interception occurred from ZOB (ISSFZOB) until rainfall depth exceeded approximately 
>20 mm. The contribution of  ISSFZOB then increased relative to ISSFhillslope for larger 
storms. Peak flow rate of  ISSFZOB and ISSFhillslope were similar for those events (n=6; 
rainfall amount >45 mm and ARI7 >30 mm) with very high ISSF inputs (>95% of  road 
runoff) (paired t-test on log10-tranformed peak flow; p=0.78) (Figure 6-6d). In contrast, 
peak flow rates of  ISSFhillslope were higher than those of  ISSFZOB for events with relatively 
lower ISSF inputs (n=26, <95% of  road runoff) (paired t-test on log10-tranformed peak 
flow; p<0.001) (Figure 6-6b). 
 
6.4.5 Relative contributions of  HOF and ISSF to road sediment export 
Examples of  temporal dynamics of  road sediment response are presented for a small event 
without ISSF and a large event with substantial ISSF (Figure 6-8; Table 6-1 and 2). During 
both storms, both fine and coarse sediment concentration peaks occurred at the beginning 
of  the runoff  event (Figure 6-8c and d). Coarse sediment (CS) was always lower than fine 
(FS) concentrations for both events. Consequently, flux of  fine sediment was always greater 
than that of  coarse sediment (Figure 6-8e and f) and these fluxes reached the highest rate 
earlier than the timing of  maximum HOF flow. Mean (±SE) volume-weighted average 


















Figure 6-7 Relative contribution of  ISSFZOB and ISSFhillslope to total ISSF for ARI7 <30 mm 






Figure 6-8 For storms on 2 December 2002 and 7 October 2003 the following 
measurements are shown: a) and b) precipitation, c) and d) HOF- and ISSF-related 
discharge and sediment concentration for road runoff, and e) and f) flux of  coarse (≥250 
µm, CS) and fine (<250 µm, FS) sediment. All discharge and sediment data are from road 
weir B.    
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Table 6-2 Event-based ISSF contribution to total hydrological flux, sediment export, size-specific sediment export, and ISSF contribution on 
sediment export, on the experimental road section. 
date ISSF as percent of  
total road runoff   
Unit area FS (kg 
ha-1) 
Unit area CS (kg 
ha-1) 
FS as percent of  
TSroad 
FSISSF as percent of  
FSroad 
CSISSF as percent of 
CSroad 
Dec. 2, 2002 0 23.2 0.9 96.2 0 0
Dec. 3, 2002 0 1401.9 140.2 90.9 0 0
Dec. 4, 2002 0 198.2 17.8 91.7 0 0
Dec. 5, 2002 95.0 6135.5 184.1 97.1 43.0 23.8
Feb. 9, 2003 0 655.7 45.9 93.5 0 0
Feb. 12, 2003 35.0 3035.8 273.2 91.7 19.0 11.1
Feb. 17, 2003 95.1 2120.8 27.6 98.7 23.4 14.4
Feb. 24, 2003 65.1 2253.4 292.9 88.5 26.2 19.6
May 9 2003 75.3 567.7 28.4 95.2 23.0 12.2
Sept. 27, 2003 0.4 110.4 6.6 94.3 N.A N.A
Oct. 7, 2003 96.8 1972.5 236.7 89.3 32.0 29.1
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respectively. These are the values I used to estimate HOF-related FSroad and CSroad for 
events with substantial ISSF inputs. Sediment separation for HOF and ISSF was not 
conducted for the 27 September 2003 storm because the total road flow rate was estimated 
to be in excess of  HOF for only 3 min; thus, the sampling interval at that time (30 min) 
was considered inappropriate to represent the potential influence of  ISSF on sediment 
export. Consequently, six out of  the 11 storms for which sediment data were available were 
examined to determine the contributions of  HOF and ISSF to sediment export (Table 6-2). 
Event-based sediment export from the road section was dominated by fine sediment 
(>80%) (Table 6-2). The proportion of  ISSF-related FSroad to total fine sediment export 
from the road (i.e., the summation of  HOF-related FSroad and ISSF-related FSroad) ranged 
from 19 to 43% with a mean (±SE) of  27.7 (±3.5)%. Furthermore, the proportion of  
ISSF-related CSroad to total coarse sediment export from the road (i.e., the summation of  
HOF-related CSroad and ISSF-related CSroad) ranged from 11 to 29% with a mean (±SE) of  
15.7 (±3.9)%. The ISSF contribution to total sediment export was consistently less than its 
contribution to total road runoff, for which the mean (±SE) was 78.8 (±10.0)% (Table 6-2). 
Log10-transtormed event-based total sediment export from the road section (y) obtained 
from Table 6-2 was linearly predicted from log10-transformed rainfall amount (x) 
(y=1.93+0.22, p<0.001, n=11, r2=0.79). 
 
6.5. Discussion 
The findings of  this chapter provide several important implications for the management of  
unpaved roads in mountainous catchments where characteristics of  soil horizons and 
prevailing stormflow generation processes are conducive to the occurrence of  ISSF along 
the road. In addition to acting as a source of  HOF and associated eroded surface soil, 
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roads affect the pathway of  subsurface flow and in turn cause an additional export of  
sediment from the road surface. Importantly, responses of  ISSF were highly dependent on 
both hydrologic (i.e., antecedent moisture conditions and event rainfall amount) and 
geomorphic (i.e., ISSF responded differently with or without the influence of  convergent 
topography) controls. Exceedingly high suspended sediment export from catchment C3, 
even after nearly 3 years since the last land disturbance, was largely attributable to on-going 
surface erosion on the road exacerbated by continuous wetting and surface wash by ISSF 
that suppress natural vegetation recovery. 
 
6.5.1 Observation at catchment scale 
Due to the unavailability of  sediment and flow data from catchment C3 before the 
1999-2000 selective harvesting, I acknowledge the difficulty in attributing any differences 
found between C1 and C3 to the 1999-2000 road construction and harvesting operations. 
As C1 and C3 are <1 km apart and share similar geology, climate, soils, topography, 
management history, and original vegetation, it is reasonable to expect that sediment 
sources, transport, and yields would be similar in these catchments if  recent land 
disturbance had not occurred in C3. During the study period, the stream channel of  C3 
had much finer substrate material, compared with the C1 channel. Furthermore, the greater 
streambed fluctuation over a given time suggests that the processes of  scouring and filling 
were more active in the C3 channel. As the hillslope in C3 was well vegetated during the 
study period (see Chapter 5; Negishi et al., in press), the elevated catchment sediment yield 
was most likely caused by a combination of  on-going sediment export from open, 
disturbed areas (i.e., main roads, skid trails, and landing areas) and the release of  sediment 
stored within the stream channel and gullies leading to the channel after the 1999-2000 
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harvesting. Alteration of  streambed substrate characteristics by additional influxes of  fine 
sediment generated by land disturbance has been widely reported (e.g., Murphy et al., 1981; 
Moring, 1982; Davies & Nelson, 1993). Studies citing increased rates of  catchment 
sediment export resulting from land disturbance are also ubiquitous (e.g., Hornbeck & 
Reinhart, 1964; Brown & Krygier, 1971; Harr et al., 1975; Beschta, 1978; King & Tennyson, 
1984; Douglas et al., 1992; Zulkifli & Suki, 1994; Chappell et al., 2004). Furthermore, 
relatively infrequent large storm events could trigger mass wasting processes even years 
after the lingering effects of  catchment disturbances (Douglas et al., 1999; Chappell et al., 
2004; Gomi et al., 2004). In our study site, however, no large-scale mass wasting processes 
were observed after the harvesting activities in 1999, which could have provided relatively 
coarse materials to steam channel. Therefore, it was reasonable to expect the steam 
channels in disturbed catchment C3 to be dominated by finer materials, a majority of  
which originated from the surface of  roads in excess of  transport capacity of  the 
catchment, compared to the stream channels in C1. The findings of  this chapter are in line 
with such generally observed increases in erosion and fining of  bed materials within stream 
channels due to catchment disturbance. 
By applying the relationship in Figure 6-3 for the other non-monitored events, 
annual suspended sediment export was estimated to be 4.0 t-1 ha-1 yr-1 in C3 and 0.7 t-1 ha-1 
yr-1 in C1; export from C3 was 5.7 times greater than from C1. In comparison with other 
catchment studies of  logging impacts, the estimated figure of  suspended sediment export 
in C3 was as high as export from similar-sized catchments that experienced debris flows in 
the US Pacific Northwest (e.g., Grant & Wolff, 1991). Also, values obtained in this chapter 
were higher than in most of  the other reports on catchment disturbance including clear-cut 
catchments in US Pacific Northwest (typically < 1.5 t-1 ha-1 yr-1; see Gomi et al., in press). 
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In the Southeast Asian context, the suspended sediment yield of  4.0 t-1 ha-1 yr-1 
was among the highest reported for managed forest catchments (e.g., Douglas et al., 1992; 
Baharuddin & Abdul Rahim, 1994). For example, Douglas et al. (1992) reported the 
greatest yield (16 t-1 ha-1 yr-1) immediately after forestry operations in Danum Valley, Sabah, 
Malaysia. However, this very high sediment export was partly related to high natural levels 
of  sediment export as well as additional inputs from periodic mass wasting; export in a 
neighboring undisturbed catchment was approximately 2.7 t-1 ha-1 yr-1; thus, export from 
the disturbed catchment was 6-fold higher. Because mass wasting was not significant in C3 
during the timeframe of  this investigation (e.g., Sidle et al., 2004), sediment export was most 
likely much higher immediately after the harvesting and particularly road construction 
when small-scale sloughing of  road cuts were also substantial in addition to road surface 
erosion as sources of  sediment. 
 
6.5.2 Hydrologic control of  ISSF 
Fluxes and spatial extent of  lateral subsurface flow through soil horizons, including 
preferential flow, is controlled strongly by antecedent moisture conditions and rainfall 
depth (Whipkey, 1965; Mosley, 1979; Tsukamoto & Ohta, 1988; Sidle et al., 2000; Noguchi 
et al., 2001). As a result, the spatio-temporal variability of  subsurface flow that is 
intercepted by roads also depends on the depth of  the road cutface relative to the zone of  
soil saturation and subsurface flow. For example, in mountain regions of  Idaho, USA, 
development of  soil saturation sufficient to generate lateral subsurface flow at the depth of  
road cuts primarily occurred during snow melt (Burroughs et al., 1972; Megahan, 1972). 
Wemple & Jones (2003) parameterized the likelihood of  ISSF occurrence based upon the 
height of  cutslopes and related it to observed fluxes of  intercepted subsurface flow in 
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Oregon, USA. In contrast, a recent series of  studies in northern Thailand concluded that 
HOF is the major source of  road runoff; ISSF rarely occurred owing to shallow road cuts 
relative to depths of  active lateral subsurface flow (Ziegler & Giambelluca, 1997; Ziegler et 
al., 2001b). In the study area examined in this chapter, a hydrologically impeding 
saprolite/bedrock layer occurs at depths of  ~1 m (Saifuddin et al., 1991; Ziegler et al., in 
review), above which shallow groundwater generally accretes providing a major stormflow 
component (see the findings in Chapters 3 and 5). As approximately 60% of  main road 
system, including the entire experimental section, is cut into the saprolite/bedrock layer, it 
readily intercepts shallow subsurface flow when the threshold rainfall is reached. In 
addition to rainfall amount, antecedent moisture also plays a role in mediating the threshold 
rainfall that induces ISSF response, and thus, the contribution of  ISSF to total road runoff. 
In particular, when antecedent moisture and event rainfall are sufficiently high, ISSF is a 
dominant component of  road runoff  and peak flow of  ISSF increases to levels 
comparable to HOF (Figure 6-6a and c). 
 
6.5.3 Geomorphic control of  ISSF 
In addition to hydrologic controls, geomorphic factors also influence the spatial and 
temporal dynamics of  subsurface flow. Previous studies have demonstrated that hillslope 
areas with converging topography tend to be more hydrologically active relative to planar 
hillslopes (e.g., Anderson & Burt, 1978). Thus, spatially and temporally disproportionate 
contributions from various geomorphic components to stormflow generation depend on 
the scale of  observation (Sidle et al., 2000; Tsuboyama et al., 2000; McGlynn et al., 2004). In 
fact, substantial variability in stormflow responses among geomorphic components (i.e., 
zero-order basins relative to planar hillslopes) has been suggested in C1 (Chapter 4). The 
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present findings are consistent with the notion that the likelihood of  occurrence, response, 
and flux of  ISSF also depends on how roads are placed in relation to geomorphically 
distinct landforms (e.g., convergent, divergent and planer), each of  which should differ 
with respect to subsurface hydrological processes (Tsukamoto & Ohta, 1988; Luce, 2002).   
 In C3, the experimental road section dissects a landform that includes both 
concave and planer features. As a result, ISSF was characterized by a disproportionate 
response from the convergent hillslope relative to hillslopes without such topographic 
features. For example, the flow volume increase with increasing rainfall amount was more 
abrupt for the zero-order basin relative to a more planer slope (ala. Sidle et al., 2000). 
Furthermore, such differences between two geomorphically-distinct hillslope components 
became more pronounced when antecedent moisture was high, highlighting the differential 
threshold rainfall required to produce runoff  (Figure 6-7). These observations support the 
view that the conditions above certain rainfall and antecedent moisture thresholds trigger 
exponential increases in the contribution of  converging headwater hillslopes to stormflow 
generation (e.g., Sidle et al., 2000; Tsuboyama et al., 2000). Although roads inevitably have to 
travel across different topographic features to provide efficient accesses throughout 
managed catchments, the proportion of  the road length that crosses hydrologically active 
concave hillslopes is important in determining the total volume of  ISSF runoff  intercepted 
by the road. 
 
6.5.4 ISSF-driven sediment export 
Despite much research and inferences related to effects of  land disturbance on changes in 
ISSF (Burroughs et al., 1972; Megahan, 1972; Megahan & Clayton, 1983; Jones & Grant, 
1996; Wemple et al., 1996; Jones, 2000; Wemple & Jones, 2003), the influence of  ISSF on 
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road-generated sediment export has not been examined rigorously for more than three 
decades since the topic was initially discussed by Megahan (1972). For the storms that I 
observed, excluding the event on 27 September 2003 (Table 6-2), ISSF accounted for 27% 
of  the total sediment export from the experimental road section, indicating that its direct 
contribution to road sediment export was less than HOF, but not negligible. Because ISSF 
contributed an average of  77% of  the road runoff  volume during 6 intensively monitored 
events, sediment export was apparently influenced by factors other than flow volume. Such 
potential factors include the differences between HOF and ISSF in terms of  erosion causes 
and sediment availability for fluvial export. Firstly, ISSF-driven sediment was generally not 
exposed to the influence of  rain drop impact (i.e., splash erosion) because ISSF typically 
initiated after the peak rainfall intensity. Thus, splash erosion is almost strictly associated 
with HOF (Figure 6-8). As rain splash erosion conceivably provided one of  the major 
sources of  sediment on the logging road (Negishi et al., in press), the sources of  
transportable sediment via ISSF are less. Secondly, the areal extent of  the road surface on 
which respective runoff  mechanisms can exert tractive forces are different between HOF 
and ISSF. Specifically, HOF potentially washes the entire area of  the road section whereas 
ISSF concentrates to a portion of  road section near the cutslope (in particular along the 
rills in remnant tire tracks on the inside of  the road surface) that is substantially smaller 
compared to the HOF-driven surface wash area. Thirdly, sediment sources generated 
during inter-storm periods on the road might be disproportionately depleted at a greater 
rate early in the road runoff  hydrograph (shown by the initial flush of  sediment by HOF; 
see Figure 6-8). Peak HOF was generally greater than peak ISSF for the observed events 
(Figure 6-6a and c), lending further support to this hypothesis of  disproportional depletion 
of  sediment.  
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Sediment caused by HOF and ISSF are also likely to differ in terms of  their 
source areas of  generation. HOF-related sediment primarily originates from the running 
surface of  the road where rain splash erosion occurs and generates surface runoff. In 
contrast, the major source of  sediment exported by ISSF is from erosion of  disturbed soil, 
part of  which might have been provided by small-scale sloughing of  cutslopes, near the 
road cutslope. Areas on or near the cutslope are probably less affected by HOF relative to 
the areas on the running surface of  the road where a large volume of  HOF runoff  travels 
with its greatest tractive force assuming sediment is available. In particular, locations near 
the outlet of  ZOBC3 were potentially exposed to the greatest hydraulic forces of  ISSF 
relative to the rest of  the road cutslope, initiating significant erosion unique to this ISSF 
pathway. This is also partly because peak flow from the ZOB weir is concentrated in a 
small area compared to the more diffuse peak runoff  for ISSFhillslope (i.e., spread across the 
entire road section cutslope). Consequently, sediment exported by ISSF was most likely the 
combination of  sediment originating from cutslope areas and also mobilization of  
materials that deposited near the road weirs towards the end of  HOF following declines in 
runoff  and transport capacity. The latter process could be particularly important when 
ISSF peak flows become as high as HOF peaks for large storms. In fact, during relatively 
large storms on 5 December 2002 and 7 October 2003, contributions of  ISSF to road 
sediment export became higher relative to their contributions during smaller storms (Table 
6-2). 
 
6.5.5 Occurrence of  ISSF and road impacts 
Using the empirically obtained relationships between event-based sediment yield versus 
event precipitation for the 11 monitored storms (see the Section 5.5) and all other storm 
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events recorded within the study period, annual sediment export (total sediment) from the 
experimental road section was crudely estimated as 170 t-1 ha-1 yr-1. This figure is 30% less 
compared with sediment yield of  244 t-1 ha-1 yr-1 that was indirectly estimated by Sidle et al. 
(2004) from the main logging road of  C3 for the first 16 months after the road 
construction primarily by measuring residual soil pedestals and rill/gulley dimensions. 
These two figures at least suggest that a moderate level of  recovery has taken place during 
the 20 months between the two studies, although the extent of  these differences 
attributable to methodologies is uncertain. Nevertheless, given that the erosion rate 
estimated in this chapter (170 t-1 ha-1 yr-1) was based upon the measurements taken three 
years after road construction with infrequent road traffic during the intervening period, this 
rate is still about two orders of  magnitude greater compared with other studies that show 
substantial decreases in runoff  volume and sediment production 2-3 years after road 
construction (e.g., Megahan, 1974; Baharuddin et al., 1995). Thus, the current high 
catchment sediment yield can largely be attributed to on-going high levels of  surface 
erosion from the road surface, a part of  which is efficiently transported through discharge 
nodes that connect roads to the stream. Thereafter, the sediment is either directly 
transported to the catchment outlet or deposits within the stream channel for subsequent 
remobilization during large events (Sidle et al., 2004).  
In general, reduction of  sediment export at the catchment scale coincides with the 
timing of  vegetation recovery on the road surface within several years after the cessation of  
major disturbances (Beschta, 1978; Baharuddin et al., 1994, Zulkifli & Suki 1994; Black & 
Luce, 1999; Chappell et al., 2004). Recovery of  vegetation on the road surface generally 
suppresses road surface runoff  and surface erosion (Baharuddin et al., 1995; Luce & Black, 
1999). A major difference of  the road condition in C3 compared to other relevant studies 
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is the absence of  vegetation recovery on the road surface of  C3. I argue that the adverse 
effects of  cutting forest roads into water impeding substrate are not limited to the direct 
alteration of  hydrologic processes and associated sediment export by transforming 
subsurface runoff  into surface runoff. Additionally, roads that are conducive to the 
generation of  ISSF indirectly prolong the occurrence of  HOF and related sediment 
generation processes by delaying revegetation and thereby road recovery. The water 
impeding layer is characterized by a low hydraulic conductivity relative to shallower soil 
horizons; the impeding layer has relatively high bulk density and low porosity (e.g., saprolite 
and bedrock in the study site) (Ziegler et al., in review). Such surfaces provide very poor 
foundations for plant establishment and growth (Kozlowski, 1999). Furthermore, extended 
periods of  surface wetting and wash caused by ISSF (Figure 6-5) preclude successful 
colonization by vegetation (Pinard et al., 1996). Although the direct influence of  ISSF on 
sediment export was only ≈ 27%, with HOF as the major direct cause of  road sediment 
export, the net contribution of  ISSF to sediment export may be much greater if  indirect 
influences are also considered. Chapter 7 examines the dynamic nature of  the road surface 






















Chapter 7.  




7.1. Chapter abstract 
Spatially variable source areas and generation processes of  sediment and solutes were 
examined in relation with varying precipitation amounts and antecedent moisture 
conditions within a logged tropical catchment (C3) over a 1-yr monitoring period. 
Monitoring locations were (1) a 51-m long segment of  logging road that intercepted 
shallow subsurface flow (ISSF) from the upslope areas including a zero-order basin 
(ZOBC3), (2) bedrock seepage at the perennial channel head that provided baseflow, and 
(3) the catchment outlet. Sporadic measurements of  solutes and hydrological monitoring 
from these locations during non-event periods indicate that the major stormflow pathway 
was relatively shallow subsurface flow above the soil-saprolite interface providing high 
loads of  solutes (e.g., nitrate and potassium) if  the threshold conditions for subsurface flow 
(SSF) was reached. However, Hortonian overland flow (HOF) prevailed in road and 
accounted for most of  the catchment outlet runoff  during events with negligible 
subsurface flow inputs. For such conditions, road-generated HOF provides a major source 
of  catchment sediment and solute export (>80%) through road surface erosion and 
flushing of  solutes associated with surface materials. Once the threshold precipitation is 
reached for substantial SSF flux (and thus ISSF), sediment and solute export due to HOF 
were reduced to the level of  approximately to 60% and <50% of  the total export, 
respectively, at both road and catchment outlets. On the road section, sediment export due 
to ISSF also originated from the road surface whereas solute export measured during active 
ISSF inputs was largely due to the solutes associated with subsurface flow from upslope. 
These results suggest that the road can account for a majority of  catchment export of  both 
sediment and solutes during storms when SSF contributions are small, and also that the 
road surface remains a major source of  sediment while the importance of  road surface as a 
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source of  solutes progressively declines relative to sediment during storms when SSF 
contributions are substantial. 
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7.2. Chapter introduction 
In addition to increasing sediment export, another environmental concern related to land 
use activities is the alteration of  nutrient pathways and fluxes that may degrade local site 
productivity as well as downstream water quality (Downing et al. 1999). In the context of  
timber harvesting, increases in nutrient export are typically observed after tree removal 
(Likens et al., 1977; Hewlett et al., 1984; Douglas et al., 1992; Malmer & Grip, 1994; Williams 
& Melack, 1997; Swank, 2001). This phenomenon has largely been explained by the 
mobilization of  soluble nutrients due to accelerated decomposition of  organic matter and 
the absence of  vegetation that uptake such solutes (e.g., Likens et al., 1977; Uhl & Jordan, 
1984). Thus, it has been suggested that excessive nutrient export resulting from reduced 
vegetation uptake is moderated once vegetation recovers on hillslopes (e.g., Likens et al., 
1977). Compared to hillslopes where vegetation recovery can occur within several years, 
roads remain a part of  the landscape for a rather long period because of  surface 
compaction and removal of  topsoil, possibly continuing to alter fluxes and pathways of  
various materials. In contrast to the relatively extensive research on road surfaces as sources 
of  sediment and overland flow, the extent to which road surfaces alter solute dynamics at 
the catchment scale has not been investigated. Furthermore, when roads are conducive to 
intercepted subsurface flow (ISSF) (see Megahan, 1972; see also Chapter 6), they may 
divert solute-rich groundwater through the road network thereby bypassing areas 
downslope of  roads. Although such potential has been mentioned in earlier studies (e.g., 
Megahan, 1972) and can be inferred from the results in Chapter 6, no quantitative evidence 
has been presented despite the recent surge in studies on subsurface flow interception by 
road cuts (Luce, 2002; Wemple & Jones, 2003). 
As the contribution of  road-generated HOF to catchment outlets vary depending 
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on event precipitation and antecedent moisture conditions (Chapter 5), both road-related 
export of  sediment and solutes are expected to have variable contributions downstream. 
Furthermore, few investigations of  intra-catchment processes related to solute export 
within managed catchments have been conducted despite the increasing recognition of  the 
heterogeneity of  hydrological pathways and solute export within undisturbed catchments 
(e.g., Sidle et al., 2000; also see the findings of  Chapter 4). An experimental field study site 
was set up in a selectively harvested catchment with a newly constructed logging road (C3) 
to monitor sediment as well as solute export at two nested spatial scales: 14-ha catchment 
outlet and a 51-m road segment. The primary objectives of  this chapter are: 1) to quantify 
the export of  sediment and solutes related to HOF from the road segment during storms; 
2) to illustrate how roads divert nutrient-rich subsurface flow along their course; and 3) to 
examine the importance of  HOF-induced export of  sediment and solutes relative to those 




7.3.1 Hydrological monitoring and sporadic hydrochemical monitoring 
Hydrological monitoring at the experimental road section and the outlet of  C3 was 
conducted as described in Chapter 5 (section 5.3.1; see Figure 5-1). An earlier study 
conducted in an adjacent relatively undisturbed catchment (i.e., C1) revealed that the 
dominant component of  stormflow was shallow soil-derived subsurface flow that built up 
on the soil-saprolite layer (Chapter 3). Furthermore, the findings in Chapter 4 
demonstrated that streamwater chemistry during relatively large storms was characterized 
by the increases in specific conductance in relation with high loads of  solutes such as 
nitrate and potassium. Because soil horizon structures in ZOBC3 are similar to those in 
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ZOBC1 (Ziegler et al., in review) and substantial subsurface flow emerged above the 
soil-saprolite layer along the roadcut (Chapter 5 and 6), it can be inferred that the major 
stormflow mechanism in C3 is comparable to that in C1. To further support this 
assumption, specific conductance and selective solute levels were measured both at the 
outlet of  ZOBC3 and in BR seepage (Figure 7-1); ZOBC3 was measured during non-event 
high flows whereas BR seepage was measured during baseflow. Moreover, when ZOBC3 
was sampled, runoff  draining from the experimental road section via road weir B was also 
collected to examine whether noticeable changes in solutes occurred as ISSF flowed across 
the road surface from ZOBC3 to the road weir B. The highflow (non-event) samples from 
the ZOBC3 weir and road weir B were collected at least once in two months during 
relatively wet conditions (catchment outlet flow rate >3 l s-1); this sampling was conducted 
at least 5 h following the occurrence of  the preceding storm hydrograph peak at the C3 
outlet to represent highflow solute characteristics of  ZOBC3 for relatively steady-state 
conditions. Moreover, the BR seepage sample was also collected also at least once every 
two months when ZOBC3 flow ceased and seepage emerging through bedrock seemingly 
provided a major streamflow component of  C3. These samples were manually collected in 
acid-washed polyethylene bottles, immediately filtered through pre-ashed GF/F filter (pore 
size = 0.7 µm; Whatman, UK), and kept in a refrigerator for solute analyses within two 
weeks. Additionally, at least once a week, specific conductance at the catchment outlet was 
determined in situ using a YSI63 probe (YSI, USA); a wide range of  flows was sampled(i.e., 
flow rate ranging 1.9~48 l s-1). These measurements were also conducted at least 5 h after 





Figure 7-1 Locations of  monitoring sites within C3. a) View of  the road section and the 
upslope area including a zero-order basin (C3ZOB); picture was taken after clear felling of  
the catchment in 2003 when surface topography was still intact immediately after hand 
sawing of  trees and burning of  organic debris. b) Locations of  road weirs and ZOBC3 
weir relative to the experimental road section and hillslope. Shaded areas and arrows shown 
on the road section denote the areas of  exposed saprolite/bedrock and major pathways of  





7.3.2 Event-based monitoring of  sediment and solute 
Both sediment and solute export were monitored and quantified at the road weirs, ZOB 
weir, and C3 outlet during 11 events (Table 7-1). Sediment data was collected as described 
in Section 5.3.2 of  Chapter 5. For the sake of  the investigation presented in this chapter, 
filtrates of  TS samples were kept in a refrigerator for solute analyses within two weeks (see 
Section 5.3.2 of  Chapter 5 for information about TS samples).  
 
7.3.3 Selected solutes examined 
Filtrates were analyzed for the following solutes within two weeks: nitrate (NO3), nitrite 
(NO2), ammonium (NH4), reactive phosphate (PO4), calcium (Ca), magnesium (Mg), 
potassium (K), silicon (Si), and dissolved organic carbon (DOC). Concentrations of  NO3, 
NO2, and NH4 were measured using a HPLC system (Waters, USA). Ca, Mg, K, and Si 
were determined via ICP-OES (PerkinElmer, USA). PO4 was determined using PhosVer 3 
powder pillows (Hach, USA) and LAMBDA UV spectrophotometer (PerkinElmer, USA). 
DOC was determined by a total organic carbon analyzer (TOC 5000, Simadzu Japan). 
Solute concentrations were determined against calibration curves established for respective 
solutes using a blank (ultrapure water; Millipore, USA) and standards of  five levels (i.e., 0.1, 
0.5, 1, 5, and 10 mg l-1), except phosphate (i.e., 0.01, 0.03, 0.05, and 0.1 mg l-1), without 
sample replicates. 
 
7.3.4 Analytical approaches 
The volume of  event-based HOF and ISSF from the road section were based on the 
findings of  Chapters 5 and 6 (data is shown in Table 7-1). In short, HOF was estimated 
using rain falling on the 183 m2 contributing area accounting for time lag for runoff  to 
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reach the road weir, whereas ISSF was the residual of  total road runoff  after subtracting 
estimated HOF. At the catchment scale, furthermore, the proportion of  event-based 
 




a HOF proportion refers to the proportion of  Hortonian overland flow relative to total 
flow fluxes from road section and the outlet of  C3, respectively. These figures were 
adopted from the findings in Chapter 5. 
* The event on 27 Sept. 2003 was only used to calculate volume-average concentration of  
HOF on the road, but was excluded from further analyses that attempted to separate 
HOF-induced sediment and solute fluxes from total fluxes owing to difficulty in 
determining the minute flux via ISSF (see the text for the details).    
 










Road C3 outlet 
Dec. 2, 2002 7.3 19.9 13.0 54 100 98 
Dec. 3, 2002 24.0 83.9 17.6 47 100 58 
Dec. 4, 2002 10.3 25.9 33.9 68 100 77 
Dec. 5, 2002 54.9 109.8 44.9 159 57 11 
Feb. 9, 2003 16.8 83.8 0.7 18 100 97 
Feb. 12, 2003 47.9 111.8 22.9 125 81 67 
Feb. 17, 2003 35.9 43.9 130.1 140 77 15 
Feb. 24, 2003 37.9 117.8 46.3 134 74 25 
May 9, 2003 14.9 39.9 194.4 123 77 45 
Sept. 27, 2003* 14.3 53.9 92.9 208 99.6 89 
Oct. 7, 2003 85.5 109.8 32.3 355 68 25 
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HOF-induced runoff  relative to the rest of  the stormflow hydrograph, which is composed 
of  subsurface flow (SSF) including road-intercepted ISSF, was also adopted from the 
results of  Chapter 5. This latter separation at the catchment outlet was conducted based 
upon distinct characteristics of  HOF and ISSF observed at the road section in terms of  
water temperature, specific conductance and sediment concentration (see Chapter 5 for 
more details about separation procedures). 
In this chapter, FS (fine sediment <250 µm) quantified at the road section was 
treated as suspended sediment and compared to the response of  suspended sediment at 
catchment outlet; I assumed that FS behavior was comparable to the sediment that was 
transported in suspension to the catchment outlet owing to relatively small particle sizes. 
FS export at road weirs and its separation into HOF-induced and ISSF-induced portions 
was based on the results of  Chapter 6 (see Table 6-2). Solute export from the road was 
separated into HOF-induced and ISSF-induced components using the similar procedures 
used for sediment separation (see Section 6.3.4.2 of  Chapter 6 for details about separation 
procedure). In short, total solute export measured at the road weirs, which is inclusive of  
that originating from the road surface as well as from upslope, was estimated by summing 
the solute export at weirs A and B. Relationships between flow rates and corresponding 
solute concentrations for events in which ISSF was negligible (i.e., <1% of  HOF; events 
on 2 December 2002, 3 December 2002, 4 December 2002, 9 February 2003, and 27 
September 2003), were never significant probably because of  high variability in rainfall 
intensity as well as hysteresis effects. Thus, separation of  HOF-induced and ISSF-induced 
solutes was performed using the following procedure. First volume-weighted average solute 
concentrations were calculated for those events in which ISSF was negligible (i.e., 4 events 
listed previously where <1% was HOF). Then, volume-weighted average solute 
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concentration was multiplied by estimated HOF volume for those events with significant 
ISSF. The ISSF-induced solute export was determined as the difference between total 
road-exported solutes and estimated HOF-induced solutes. 
Event-based hydrological fluxes at the catchment outlet were determined using 
the baseflow separation procedures proposed by Hewlett & Hibbert (1967, p. 280). 
Event-based export of  sediment (i.e., suspended sediment) from the outlet of  C3 was 
based on the findings of  Chapter 6. Furthermore, event-based solute export from C3 was 
estimated using the procedures similar to those used for sediment. Specifically, total solute 
export during respective events was calculated using flow rates and observed solute levels 
for each sampling period; event-based solute export was the remainder of  total export after 
subtracting export via baseflow during events. Baseflow solute flux was calculated assuming 
the linear extrapolation of  baseflow solute level from the onset of  the flow increase to the 
solute level at the point where the stormflow separation line intersects the falling limb of  
storm hydrograph. In this chapter, event-based export of  sediment and solutes at the 
catchment outlet were further separated into the portions derived from HOF and SSF 
(HOF-induced and SSF-induced portions) using the following procedures. Firstly, 
event-based hydrological fluxes at the catchment outlet that were separated into 
HOF-induced flow and subsurface flow (SSF-induced flow) based on the results from 
Chapter 5 (Table 7-1; see also Figure 7-4a and b). Secondly, the export of  sediment and 
solutes were separated into HOF-induced and SSF-induced components based on the 
following assumption: the relative fluxes via two flow pathways was proportional to their 
relative contributions to the stormflow hydrograph during the period when the dominant 
contributor of  stormflow shifted from HOF to SSF (see the period between arrows A and 




7.4.1 Sporadic characterization of  stormflow components 
Due to low solute concentrations relative to analytical detection limits, nitrite, ammonium, 
and reactive phosphorus are not included in further analyses. There were significant 
differences in all geochemical variables measured among ZOBC3, the road weir B, and BR 
seepage for the sporadic monitoring (Table 7-2). None of  the solutes examined had 
statistically different levels between samples collected from ZOBC3 and road weir B 
despite the fact that outflow from ZOBC3 traveled on the road surface for approximately 
15 m before it became a part of  runoff  from road weir B. Only silicon concentration was 
significantly greater for BR seepage relative to concentrations measured from ZOBC3 and 
road weir B, whereas all the other solutes were higher in samples from the ZOBC3 and 
road weir B relative to BR seepage. Furthermore, increases in flow rates from C3 were 
associated with increases in specific conductance, and conductance levels measured in 
ZOBC3 and BR seepage were found in the highest and lowest ranges, respectively (Figure 
7-2). 
 
7.4.2 Typical characteristics of  sediment and solute export from the 
experimental road section 
Typical examples of  road response without ISSF inputs are presented for the event on 2 
December 2002, which had total precipitation of  7.3 mm and ARI7 of  13 mm (Figure 7-3a, 
c, e, g, i, k, and m). Sediment concentration was relatively high at the onset and towards the 
end of  the event relative to the lower level observed approximately at the same time as the 
runoff  peak (Figure 7-3c). Concentrations of  solutes remained relatively constant  
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Table 7-2 Comparisons of  means of  specific conductance and concentrations of  selected 
solutes among BR seepage collected during baseflow (n=10), ZOBC3 and road weir B that 
were sampled during highflow (n=13). Figures in parenthesis denote standard errors. 
Statistical significance (P) using one-way ANOVA followed by Tukey’s multiple 
comparisons; mean values of  given parameters accompanied by same letters were not 
statistically different.  
 
 
 ZOBC3 Road weir B BR seepage P 
specific conductance (µS cm-1) 31.4 (1.2)a 30.5 (3.4)a 11.2 (0.5)b <0.001
DOC (mg l-1) 1.5 (0.2)a 1.7 (0.7)a 0 (0)b <0.001
nitrate (mg l-1) 29.4 (2.1)a 28.7 (3.2)a 5.0 (1.1)b <0.001
potassium (mg l-1) 1.5 (0.04)a 1.4 (0.05)a 0.5 (0.01)b <0.001
calcium (mg l-1) 0.5 (0.02)a 0.5 (0.03)a 0.08 (0.03)b <0.001
magnesium (mg l-1) 0.5 (0.02)a 0.4 (0.04)a 0.2 (0.005)b <0.001















Figure 7-2 Relationship between flow rate at the outlet of  C3 and specific conductance 
determined for the C3 outlet, bedrock seepage (during base flow), and ZOBC3 outlet 
(during high flow). Solid lines denote best-fit logarithmic regression lines for ZOBC3 























Figure 7-3 Typical hydrogeochemical responses of  road section for an event with 
negligible ISSF inputs (2 Dec 2002) and one with substantial ISSF inputs (7 Oct 2003): 
runoff  response relative to precipitation (a and b); concentrations of  fine sediment (c and 
d); levels of  solutes (e, f, g, and h); flux of  fine sediment (i and j); and flux of  solutes (k, l, 
m, and n). Note that symbol legend for the event on 2 Dec. 2002 is also applicable for the 
event on 7 Oct. 2003. 
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throughout the events with levels of  DOC and NO3 being higher than levels of  K, Si, Ca, 
and Mg (Figure 7-3e and g). Fluxes of  sediment and solutes peaked near the hydrograph 
peak and their fluctuations matched those of  the hydrograph (Figure 7-3i, k, and m). A 
typical example of  road response for the case of  substantial ISSF inputs is shown for the 
event on 7 Oct 2003; this event had precipitation of  85.5 mm and ARI7 of  32 mm (Figure 
7-3b, d, f, h, j, l, and n). Sediment concentration was greatest at the onset of  the event, but 
remained relatively low towards the end of  HOF flow and became negligible after the 
second peak approximately at the time of  highest rainfall intensity and progressive increase 
in ISSF inputs (Figure 7-3d). Concentrations of  solutes were relatively constant at the 
beginning of  the event; the concentrations decreased considerably at the peak of  
precipitation at 17:10 being followed by the progressive increases once ISSF dominated 
road runoff  (Figure 7-3f  and h). Fluxes of  sediment peaked approximately at the time of  
precipitation peaks, but declined considerably once ISSF dominated road runoff, whereas 
the solute fluxes peaked at the time of  the ISSF hydrograph peak (around 18:00) and 
remained at this elevated level, which was much higher than that observed during 
HOF-dominated road runoff  during the earlier stage of  the event (Figure 7-3j, l, and n).  
 
7.4.3 Typical characteristics of  sediment and solute export from the catchment 
outlet 
Typical examples of  catchment response with or without substantial SSF contributions are 
presented for two events that were also used earlier to assess road responses earlier (Figure 
7-4). During the event on 2 Dec 2002, sediment concentrations peaked twice: (1) at the 
onset of  the event, and (2) approximately 1 h after the hydrograph peak (Figure 7-4c). 






















Figure 7-4 Typical hydrochemical responses of  catchment outlet for the event with 
negligible ISSF inputs (2 Dec 2002) and with substantial ISSF input (7 Oct 2003): runoff  
response relative to precipitation (a and b); concentration of  fine sediment (c and d); levels 
of  solutes (e, f, g, and h); flux of  fine sediment (i and j); and flux of  solutes (k, l, m, and n). 
Note that symbol legend for the event on 2 Dec. 2002 is also applicable for the event on 7 
Oct. 2003. The hydrograph area between the arrows A and B denote the period when 
stormflow was in transition from HOF-dominated to ISSF-dominated (see the text for 
more details). 
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synchrony with flow rate whereas DOC exhibited less abrupt responses relative to nitrate; 
the timing of  the DOC peak was similar to that of  sediment, whereas K, Si, Mg, and Ca 
increased slightly at the time of  the precipitation peak followed by slight decrease towards 
the end of  storm hydrograph (Figure 7-4e and g). Solute fluxes at the catchment outlet 
peaked between 19:00-20:00 and returned to low levels as flow rates declined (Figure 7-4i, k, 
and m). During the event on 7 October 2003, the maximum sediment concentration 
reached 4 mg l-1; this level declined considerably as HOF-induced runoff  was overtaken by 
contributions from SSF (Figure 7-4d). Concentrations of  solutes remained high or 
increased for nitrate, K, Mg, and Ca even after SSF dominated stormflow contributions, 
whereas Si concentration declined considerably during the event and remained low at a 
level approximately half  that prior to the event (Figure 7-4f  and h). Peak sediment fluxes 
were nearly synchronized with peak precipitation inputs, and the sediment flux declined 
considerably at the transition from HOF- to SSF-dominant storm runoff  (Figure 7-4j). 
Flux of  all solutes remained relatively high even after HOF declined substantially; in 
particular, fluxes of  nitrate remained above the levels observed during HOF-dominant 
stormflow at the early stages of  storm hydrograph when SSF became the primary 
contributor of  storm runoff  (Figure7-4j, l, and n). 
 
7.4.4 Total export and contribution of  HOF-induced sediment and solute 
export 
Unit-area export of  sediment and solutes measured at the road weir using the road running 
surface as a contributing area, exceeded the export calculated for the catchment outlet in all 
cases for the events on 2 Dec., 3 Dec., 4 Dec. 2002, and 9 Feb. 2003 when ISSF inputs 
were negligible along the road (Table 7-3). When ISSF was significant, for example during 
 183
Table 7-3 Export measured at road weirs and the catchment outlet (expressed as unit area 
export) for the events that were intensively monitored 
 
 
a Sediment quantified for road section and outlet are FS (fine sediment; <250 µm) and 
suspended sediment, respectively. 
* These figures were calculated with contributing area as being static, the road surface area 
(i.e., 183 m2) for comparative purpose. 
 


























Dec. 2, 2002 7.3 23.2 183 78 36 7 5 15
Dec. 3, 2002 24.0 1401.9 675 190 177 177 22 149
Dec. 4, 2002 10.3 198.2 476 194 102 102 18 72
Dec. 5, 2002 54.9 6135.5* 12242* 34621* 5749* 5749* 1734* 9722*
Feb. 9, 2003 16.8 655.7 1311 262 164 109 55 109
Feb. 12, 2003 47.9 3035.8* 12022* 22951* 3770* 4809* 2350* 2951*
Feb. 17, 2003 35.9 2120.8* 7589* 35166* 3787* 3787* 1244* 5882*
Feb. 24, 2003 37.9 2253.4* 6494* 13396* 5376* 3737* 1107* 3555*
May 9, 2003 14.9 567.7* 382* 437* 153* 240* 38* 246*
Sept. 27, 2003 14.3 201.2* 517* 220* 112* 92* 23* 69*
Oct. 7, 2003 85.5 1972.5* 67366* 447928* 24223* 24223* 9896* 32850*
  Catchment outlet 
Dec. 2, 2002 7.3 0.5 4.0 11.4 1.4 0.1 0.5 4.4
Dec. 3, 2002 24.0 10.3 75.8 41.7 21 7.4 4.2 46.8
Dec. 4, 2002 10.3 1.5 16.0 16.5 3.3 1.0 1.0 4.4
Dec. 5, 2002 54.9 74.4 362.2 914.8 156 67.2 78.5 269.0
Feb. 9, 2003 16.8 3.5 22.3 37.1 6.9 3.5 4.0 31.9
Feb. 12, 2003 47.9 51.5 347.0 225.6 69 13.9 46.6 107.0
Feb. 17, 2003 35.9 14.8 186.3 524.2 72 27.6 34.0 130.3
Feb. 24, 2003 37.9 30.4 103.4 109.2 32 8.2 13.1 76.1
May 9, 2003 14.9 2.3 27.8 56.5 13 1.6 1.5 17.4
Sept. 27, 2003 14.3 1.4 17 23 4.8 1.4 0.8 7.6
Oct. 7, 2003 85.5 283.8 654.8 2853.1 275 109.1 128.1 544.5
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the events on 5 Dec. 2002, 12 Feb. 2003, 17 Feb., 24 Feb., 9 May, and 7 Oct. 2003, unit-area 
export of  solutes and sediment from the road drastically increased due to greater export 
originating either from upslope or from the road surface associated with occurrence of  
ISSF (Table 7-3). Positive increases in catchment export were linearly predicted by event 
precipitation after log-transformations for the examined sediment and solutes (Table 7-3 
and 7-4). Thus, for larger events with greater amounts of  precipitation, progressively 
greater export of  sediment and solutes was predicted at the catchment outlet.  
Mean (±SE) volume-weighted average concentrations (mg l-1) of  solutes estimated 
for HOF were as follows: NO3: 3.2 (±0.6), DOC: 7.5 (±1.3), K: 1.5 (±0.3), Ca: 0.3 (±0.03), 
Mg: 0.2 (±0.03), and Si: 0.7 (±0.01). It is important to note that the levels of  at least DOC 
and K were greater or similarly high relative to those measured for ISSF by sporadic 
hydrochemical monitoring (see Table 7-2). These are the values I used to estimate 
HOF-induced export of  respective solutes for events with substantial ISSF input on the 
experimental road section. The proportion of  HOF-induced export of  sediment and 
solutes to total fluxes measured at road weirs and the catchment outlet were highly variable 
(Figure 7-5): sediment (road weirs: 57-100%, outlet: 65-95%), DOC (road weirs: 7-100%, 
outlet: 45-94%), NO3 (road weirs: 0.4-100%, outlet: 8-92%), K (road weirs: 4-100%, outlet: 
46-92%), Ca (road weirs: 4-100%, outlet: 52-89%), Mg (road weirs: 1-100%, outlet: 
23-88%), and Si (road weirs: 2-100%, outlet: 17-88%). These variable contributions of  
HOF-induced export to total flux at road weirs and the catchment outlet were negatively 
correlated with the proportion of  ISSF (for the road section) or SSF (for the catchment 
outlet) contribution to total hydrological fluxes at road weirs and the catchment outlet: 
R<-0.68, P<0.001 for all the variables using Pearson’s correlation (Figure 7-5). For the 
storms with negligible ISSF or SSF, for example the events on 2 Dec. 2002 and 9 Feb. 2003,  
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Table 7-4 Best-fit regression models that predict catchment export of  sediment and 
solutes from event precipitation (PRT) for a total of  11 events. Export and precipitation 
are in the units of  mg and mm, respectively. 
 
 
Linear models n R2 P 
Log10-(sediment)=2.5log10-(event PRT)+4.7 11 0.98 <0.001 
Log10-(DOC)=2.0log10-(event PRT)+3.1 11 0.98 <0.001 
Log10-(NO3)=2.1log10-(event PRT)+3.2 11 0.87 <0.001 
Log10-(K)=2.1log10-(event PRT)+2.5 11 0.98 <0.001 
Log10-(Mg)=2.4log10-(event PRT)+1.6 11 0.93 <0.001 
Log10-(Ca)=2.4log10-(event PRT)+1.7 11 0.96 <0.001 





















Figure 7-5 Relationship between the proportion of  HOF flux relative to total hydrological 
flux and the proportion of  HOF-induced flux of  sediment and solutes for the road section 
(a) and catchment outlet (b). The arrow denotes four events clustered together. The solid 
line indicated the linear regression relationships of  sediment; these values plot relatively 
high on the Y-axis compared with solutes. For clarity, regression lines for the solutes were 




HOF-induced portions accounted for >80% of  total export of  sediment and solutes both 
from the road section and catchment outlet (Figure 7-5). Furthermore, the contribution of  
HOF-induced sediment export remained relatively high (>50%) even for the largest event 
observed in this study, whereas the contributions of  HOF-induced solute export relative to 
the total export declined compared to sediment export when HOF hydrological fluxes were 
<40% for both the road section and the catchment outlet.    
  
7.5. Discussion 
Previous studies that examined the consequences of  anthropogenic activities on land 
surfaces from the perspective of  soil erosion and/or nutrient loss have been mostly 
conducted via monitoring at either of  following two spatial scales: (1) plot or specific sites 
where activities occur (e.g., Baharuddin et al., 1995; Luce & Black, 1999; Ziegler et al., 2000; 
MacDonald et al., 2001), and (2) relatively larger areas, such as a catchments, where the 
effects of  activities may be detected to varying extents depending on the types and 
intensity of  disturbance within the area (e.g., Brown & Krygier, 1971; Likens et al., 1977; 
Hewlett et al., 1984; Douglas et al., 1992; Baharuddin & Rahim Nik, 1994; Malmer & Grip, 
1994). It is also notable that these latter studies examine lumped effects of  various types of  
activities within the areas. In particular, among the studies in the tropics on catchment 
disturbance involving road systems (e.g., Douglas et al., 1992; Baharuddin & Rahim Nik, 
1994; Malmer & Grip, 1994), understanding of  the linkages between the phenomenon at 
these two spatial scales is extremely limited, thus limiting their value for formulating 
spatially explicit management practices such as preservation of  particular areas within 
catchments or prioritization of  the areas for catchment management and rehabilitation (see 
Chappell et al., 2004; Sidle et al., 2004; Negishi et al., in press). Furthermore, none of  the 
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previous studies have examined the role of  road surfaces as sources of  solutes relative to 
erosion processes. The findings presented in this chapter are unique because they 
collectively demonstrate spatially variable source areas, and thus, the relative importance of  
road-generated sediment as well as solutes associated with HOF in catchment export. 
Understanding of  primary flow generation processes is a major prerequisite in 
properly evaluating and predicting the influences of  land surface modification on 
catchment processes (e.g., Freeze et al., 1972). In the present study, solute characteristics of  
baseflow (i.e., BR seepage flow) and shallow subsurface flow collected in ZOBC3 differed. 
General characteristics of  solutes emerging from these two locations match the patterns 
found for bedrock seepage during baseflow and storm-induced shallow subsurface flow 
from a geomorphic hollow in an adjacent relatively undisturbed catchment C1 (Chapter 3 
and 4). Specifically, silicon concentrations were distinctly higher in bedrock seepage 
whereas relatively shallow subsurface flow that occurs during high flow periods was 
characterized by high loads of  solutes typically associated with shallow organic-rich soil 
horizons (e.g., nitrate and potassium). Furthermore, sustained high flow at the outlet of  C1 
was characterized by increases in specific conductance, which was very similar to the 
pattern observed at the outlet of  C3 (Figure 7-2), suggesting the predominant role of  
shallow subsurface flow in stormflow chemistry of  both C1 and C3. These results strongly 
support the notion that flow generation, and processes and pathways related to export of  
sediment and solutes in C3 and C1 were similar to each other, and consistent with similar 
biogeological settings of  two adjacent catchments, at least prior to the selective timber 
harvesting and road construction. Given the very minor disturbance observed on the 
hillslope surface at the time of  the present study, the most likely difference that could cause 
differences in catchment hydrological processes and associated sediment and solute export 
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in C3 relative to C1 was the existence of  forest roads, trails, and landing areas conducive to 
HOF as well as ISSF. 
The results in Chapter 6 demonstrated that the erosion rate determined for the 
surface of  the experimental road section was very high (i.e., 170 t ha-1 yr-1) relative to the 
other sites. Furthermore, surface erosion caused by ISSF accounted for an average of  27% 
of  the total sediment export from the road surface during the monitoring of  10 storms 
with varying precipitation and antecedent conditions (also see Chapter 6). As the upslope 
area was well vegetated during this study, the origins of  sediment exported via the road 
weirs were mostly the running surface and possibly along the cutslope of  the road system 
depending on the dominant hydrological pathways of  road runoff  (i.e., HOF or ISSF; also 
see the discussion in Section 6.5.4 of  Chapter 6). One of  the major differences between 
solute and sediment export quantified at the road weirs was a significant contribution from 
upslope areas to the total export of  solutes when conditions were favorable for occurrence 
of  substantial ISSF (i.e., relatively high precipitation amount and wet antecedent 
conditions). As relatively shallow subsurface flow intercepted along the road cut was 
characterized by high loads of  solutes such as nitrate and potassium, the export determined 
at the road weirs included substantial contributions from the areas other than the road 
surface itself. The solutes measured sporadically and simultaneously measured at ZOBC3 
and road weir B were not statistically different (see Table 7-2). This observation suggests 
that road surface itself  was a negligible source of  solutes compared to the upslope areas at 
least during the periods of  ISSF dominance after cessation of  HOF. In contrast, when 
ISSF was not observed or during period when ISSF was negligible at early stages of  large 
storms, solute export, apparently derived from the road surface, was observed (Figure 7-3). 
Nevertheless, such road-generated solute export associated with HOF became very small 
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relative to the export associated with ISSF once ISSF dominated hydrological fluxes along 
the road (Figure 7-5a).  
How then were solutes exported from the road surface associated with HOF? The 
mean concentrations of  solutes estimated for HOF based on the four events with 
negligible ISSF contributions were in general much greater than those of  incident rainfall 
with varying enrichment ratios (i.e., ratio of  mean solute level in HOF runoff  to mean 
solute level in incident precipitation). Assuming the levels of  solutes in the precipitation 
below detection limits to be at the analytical detection limit of  0.1 mg l-1 to obtain liberal 
estimates of  precipitation inputs, the conservatively calculated enrichment ratios were 6.3 
(DOC), 10.7 (NO3), 150 (K), 30 (Ca), 20 (Mg), and 70 (Si). Thus it is conceivable that most 
of  the solutes measured at the road weir were largely generated from the road surface 
rather than derived from precipitation falling onto the road surface. There are two likely 
mechanisms for such enrichment of  precipitation when HOF is generated. Firstly, the 
accumulation of  organic litter that deposited on the road surface. I have observed patches 
of  decomposing leaves on the road surface apparently provided from the roadside without 
any live vegetation extracting mineralized nutrients due to exposure of  compacted subsoil 
and the harsh environment (e.g., high air temperatures) (Negishi et al., in press). For 
instance, accumulated soluble materials on the road surface originating from fallen leaves 
and also from atmospheric deposition could be washed off  at the beginning of  road runoff. 
Secondly, direct precipitation falling onto the exposed subsoil may release soluble materials 
present in subsoil when raindrop splash causes erosion of  road surface materials. As both 
flushing of  road surface materials and rain splash erosion are the processes that typically 
occur at the beginning of  events, these possible mechanisms lend support to the notion 
that solute generation from the road surface related to ISSF was negligible. Therefore, 
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although the export of  both sediment and solutes from the road section is comprised of  
HOF-induced and ISSF-induced components, the source areas of  the ISSF-induced 
portion were quite different for sediment and solutes; for the ISSF-induced portion, total 
export of  sediment was almost exclusively generated from the road surface whereas solute 
export measurable at the road section derived largely from the upslope area, not the road 
itself. 
Unfortunately, it was not possible to distinguish the ISSF-induced portion from 
total SSF flux of  water, sediment and solutes at the catchment outlet because there was 
apparently no way to estimate the proportion of  ISSF relative to total SSF flux at the 
catchment scale with a reasonable degree of  accuracy. Nevertheless, the contribution of  
sediment as well as solutes provided via HOF hydrological fluxes progressively declined as 
ISSF or SSF hydrological fluxes dominated the total hydrological fluxes at both the road 
weirs and catchment outlet (Figure 7-5). The present study demonstrated that the event 
magnitude (measured as precipitation amount) exerted a strong influence on catchment 
export (i.e., greater export when event rainfall was greater; see also Table 7-4), but that 
source areas and processes that account for these increases in export may change, 
particularly, related to the increasing importance of  subsurface flow. Furthermore, the 
relative importance of  the contribution of  the road surface to catchment export became 
much greater for sediment compared to solutes as storm size and antecedent wetness 
increased. Specifically, for relatively small storms, nearly all the catchment fluxes of  both 
sediment and solutes were accounted for by road-generated export via HOF (Figure 7-5b). 
However, whereas sediment contribution remained relatively high (>60%) for the range of  
events examined, the contribution of  solute export due to HOF hydrological flux 
estimated at the catchment outlet became less important (10-60% of  total flux) (Figure 7-5). 
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These results suggest that road surfaces are the major sources of  sediment export whereas 
they become relatively less important as sources of  solutes, particularly, during larger 
storms with substantial SSF inputs.  
Despite several limitations of  this study related to interpretations, including a 
relatively short monitoring period, it provides empirical data that outlet-based conventional 
catchment monitoring approaches would not reveal spatial variability in source areas of  
sediment and solute export, and the importance of  the road surface as a dynamic source 
area of  sediment and solute export depending on rainfall and antecedent moisture. 
Although catchment monitoring approaches have been powerful tools for evaluating 
catchment responses to variable disturbance intensities and methods (see Hornung & 
Reynolds, 1995 for a review), such approaches are unable to capture the spatially dynamic 
nature of  source areas of  materials that are transported through the catchment outlet 
because the outlet parameters will inevitably yield an integrated measure of  processes 
within the area. If  spatially explicit catchment remediation practices are to be carried out or 
critical areas for conserving the integrity of  catchment processes are to be identified, 
catchment monitoring approaches may provide limited value unless intra-catchment 
processes are investigated in a manner linked to the catchment outlet dynamics. Moreover, 
extensive monitoring of  the road section clearly showed that road cuts intercept solute-rich 
subsurface flow and divert this water along the road surface and which eventually drain 
downslope via gullies. Because such runoff  draining through gullies has much less contact 
with soil horizons and root zones downslope of  the road, available nutrient concentrations 
within soils and subsurface solute fluxes are likely substantially altered. Thus, these results 
provide one of  the first empirical examples of  bypassing of  nutrient pathways via routing 
of  subsurface flow intercepted at road cuts, as intuitively suggested more than three 
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decades ago (Megahan et al., 1972). However, what remains uncertain is how such altered 
hydrological and nutrient pathways related to road construction affect downslope 
vegetation communities in terms of  composition and productivity. To thoroughly 
understand such processes, it may be necessary to employ controlled field experiments with 
measurements of  soil nutrient and water status, hydrological flow pathways, and plant 
growth rate before and after road construction in sites upslope and downslope of  
experimentally constructed roads. The following chapter attempts to elucidate the 



















Chapter 8.  
Ecological Processes Related to Catchment 
Recovery of  C3 
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8.1. Chapter abstract 
The role of  common roadside fern (Dicranopteris curranii) on the recovery of  logging 
roads in C3 was examined. Hortonian overland flow from a 51.5 m road section was 
monitored during the 1-year study period along with sporadic measurements of  sediment 
export before and during fern growth. Furthermore, the event-based influence of  fern 
cover on rainfall inputs and fluxes of  DOC, K, Mg, and Ca were estimated using bulk 
rainfall collectors (176 cm2) and compared with those in the adjacent forest canopy for six 
storms. Air temperatures measured beneath fern cover and forest canopy were compared 
with those on the open road. Road-generated runoff  was reduced by 4.8 mm after fern 
growth during storms with < 30 mm rainfall; decreased sediment production rate from the 
road section (-86%) also coincided with fern growth. Interception loss of  fern cover (19%) 
was as high as that of  forest canopies; throughfall under fern cover was enriched with K to 
the similar levels as beneath the forest canopy. With the fern cover (~57% of  the road 
surface), net flux of  K (+101%), Mg (+70%), and Ca (+26%) to the road increased 
significantly. Fern cover maintained daily maximum temperatures comparable to forested 
areas (<28 °C), whereas open road surfaces reached 40 °C. These preliminary results 
suggest that roadside fern growth plays potentially important ecological roles in road 
recovery by reducing road runoff, mitigating splash and hydraulic surface erosion processes, 
trapping sediment where plant seeds can germinate, providing nutrient-enriched 
throughfall, and moderating the harsh surface temperature environment. 
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8.2. Chapter introduction 
In addition to the importance to proper road design, knowledge of  the interrelations of  
site hydrologic, geologic, and ecological characteristics is necessary for careful management 
of  abandoned roads, including remediation techniques (Allison et al., 2004). Natural 
recovery of  road surfaces typically begins with revegetation by grasses and shrubs, which 
often leads to a reduction of  overland runoff  and surface erosion (Baharuddin et al., 1995; 
Luce & Black, 1999). The establishment of  grasses and woody plants ameliorate the 
physical properties of  surface soils on the road by root penetration into compacted 
materials, addition of  organic matter, and colonization of  woody species that are adapted 
to such relatively degraded soil conditions (Kamaruzaman, 1996; Guariguata & Dupuy, 
1997; Pinard et al., 2000). When compaction and displacement of  surface soil is severe – 
e.g., exacerbated by continuous surface erosion – establishment of  any type of  vegetation is 
hindered (Pinard et al., 1996), prolonging the effects of  roads on catchment hydrology and 
downstream habitat quality (e.g., Woo et al., 1997).  
In the vicinity of  study site examined in this thesis and surrounding regions (e.g., 
Borneo, Singapore), the common fern Dicranopteris curranii Copel. is a pioneer species in 
open areas (Wee, 1984; Piggott, 1988). Similar to another well-documented species from 
same genus, Dicranopteris linearis (Burm. f.) (Russell et al., 1998), D. curranii demands 
much light and commonly forms dense thickets along cuts and fillslopes of  logging roads. 
With increasing growth, this fern forms a canopy (i.e., fern cover) over the road surface. It 
was hypothesized that fern cover had a similar influence as tree canopy in protecting the 
surface, and thus road recovery, by moderating harsh environmental conditions that 
generally limit plant growth (i.e., continuous surface erosion, absence of  nutrient-rich 
permeable soil, and exposure to heat). To test this hypothesis, I: (1) evaluated the degree of  
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“canopy” interception and element (i.e., dissolved organic carbon, K, Mg, and Ca) 
enrichment by fern cover relative forest canopy, (2) examined the net effects of  fern cover 
on rainfall and element inputs to the road surface, and (3) quantified the influence of  fern 
cover on road runoff, sediment production, and air temperature. In particular, focus was 
placed on HOF-driven road runoff  and erosion processes because fern cover should be 
most influential in moderating runoff  caused by direct rainfall on the road surface. 
 
8.3. Methodology 
This study focused on C3 and in particular the experimental road section (Figure 8-1). 
Until March 2003, after the 1999-2000 selective harvesting, the running surface of  the 
logging road was bare and fully exposed to raindrop impact. Starting in April 2003, 
however, roadside ferns (D. curranii) grew from the cutslopes and fillslopes. In late 
October 2003, an average of  54% of  running surface of  the entire logging road (57% of  
the road section) was covered by fern canopy (Negishi et al., 2004; Figure 8-2). Tree 
canopies gradually extended over the road section, but their extent was far less compared 
to that of  the fern cover; forest canopy covered <10% of  the running surface in late 
October 2003.   
 
8.3.1 Precipitation and road runoff 
Incident precipitation was monitored as explained in Chapter 3 (Section 3.3.1). Road 
runoff  was monitored as described in Chapter 5 (Section 5.3.1).  
 
8.3.2 Interception loss and throughfall quality 
Rainfall inputs and elemental fluxes were quantified for a various types of  events (Table 






Figure 8-1 The location of  the experimental road section, hillslope plots (ZOBC1 and 
ZOBC3), and riparian plots. a) View of  the ZOBC3; SB: slope boundary across which the 
road cuts down to the saprolite layer, and b) a schematic diagram of  runoff  monitoring 
system showing road weirs, ZOB weir, and the directions of  Hortonian road runoff; the 
shaded area on the road denotes noticeable rills where flow tended to concentrate; LB: 
logging road drainage boundary; A and B: gullies where road runoff  drained to the 
downstream system. Note that the picture in a) was taken in January 2004 after the 























Figure 8-2 a) Rill erosion (30 cm wide and 3 cm deep) on road surface; area corresponds 
to the dotted square shown in b), b) view of  the road section in February 2003, and c) view 
of  the same road section in November 2003. The arrows in a) and b) indicate a common 
reference point. 
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Table 8-1 Total precipitation (PRT) and maximum 10-min rainfall intensity of  storms 
(Imax10) for quantification of  rainfall input and element flux at different monitoring sites. H 
and E indicate the events and monitoring sites for which quantifications were made for 
rainfall input and element concentrations, respectively. Refer to the Figure 8-1 and 8-3 for 
the locations of  abbreviated monitoring sites; RC: road center, EF: edge, NEF: non-edge, 
AF: above fern, and ZOBC3 and ZOBC1: hillslope plots within the zero-order basins of  




date Total PRT (mm) 
Imax10 
(mm h-1) RC EF NEF AF ZOBC3 ZOBC1
October 30 13.3 51.9 H, E H, E H, E    
November 5 36.1 95.9 H, E H, E H, E    
November 6 18.0 26.0 H, E H, E H, E    
November 8 5.7 32.9 H, E H, E H, E  H, E H, E 
November 9 5.3 16.0 H, E H, E H, E  H, E H, E 
November 14 70.2 53.9 H, E H, E H, E    
November 19  9.3 6.0 H, E H, E H, E H, E H, E H, E 
November 20  7.7 14.0 H, E H, E H, E H, E H, E H, E 
November 21  13.5 64.0 H, E H, E H, E H, E H, E H, E 
November 23 ‡ 23.8 38.0 H, E H, E H, E H, E H, E H, E 
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plots. Three distinct rainfall input pathways were measured within each of  five 
evenly-spaced transects across the road section (Figure 8-3): (1) road center (RC: 1 m above 
the ground with no fern cover and open sky); (2) edge (EF: 0.5 m above the ground at the 
edge of  fern canopy); and (3) non-edge (NEF: 0.5 m above the ground with dense fern 
cover). During four events, we also installed collectors above the fern cover in each transect 
(AF: 2 m above the ground with no fern cover, but below the edge of  the forest canopy) to 
correct for the potential influences of  roadside forest canopy on rainfall and element fluxes 
onto fern cover (Figure 8-3). Eleven and nine funnels were also placed at a height of  1 m 
below the forest canopies in ZOBC1 and ZOBC3, respectively. Bulk incident rainwater was 
collected using 176-cm2 polyethylene funnels at both of  the rainfall monitoring stations 
(see Figure 8-1 and 2-11). RC, EF, and NEF are hereafter referred to as “road sites”. After 
field volumetric measurements, water samples were immediately returned to the field 
laboratory, filtered through GF/F filter paper (pore size: 0.7 µm; Whatman, UK) and 
refrigerated. Within two weeks the samples were analyzed for dissolved organic carbon 
(DOC) by a total organic carbon analyzer (TOC 5000, Simadzu Japan); and K, Mg, and Ca 
were determined via ICP-OES (PerkinElmer, USA). Solute concentrations were 
determined against calibration curves established using a blank (ultrapure water; Millipore, 
USA) and standards of  five levels (i.e., 0.1, 0.5, 1, 5, and 10 mg l-1) without sample 
replicates.  
 
8.3.3 Sediment export 
The volume of  the sediment deposited in all weirs was occasionally estimated by measuring 
the average thickness of  deposits at six locations within the weirs. When sediment 




































Figure 8-3 Schematic diagram showing the road cross-section and arrangement of  rainfall 
collectors, and b) schematic diagram showing how the influence of  fern cover and roadside 
forest canopy was separated; this particular diagram exemplifies the case of  rainfall input 
(HF). For example, net influence (flux) of  entire fern cover (HF-FERN) can be expressed as a 
summation of  HF-FERN(NEF) and HF-FERN(EF); HF-FERN(NEF) and HF-FERN(EF) can be obtained by 
subtracting HF-AF from the summation of  HF-NEF and HF-EF ; thus, net effects of  fern cover 
on road surface (B) can be estimated by comparing B and A. The same conceptual 
framework was applied when calculating element fluxes. 
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Using StowAway TidbiT temperature loggers (Onset, USA; accuracy of  ±0.2 ºC), air 
temperature was measured at 10-min intervals for a 9-day period (6 – 14 October 2003) at 
5 locations: NEF (25 m from northeast end of  the road section); RC1 and RC2 (5 m and 
25 m from the northeast end of  the monitored road section), and riparian zones (RP) 1 
and 2 (located 50 and 150 m upstream from the outlet of  C3, 10 m away from the stream 
channel) (Figure 8-1). All temperature sensors were covered with PVC housings with 
horizontal vents to minimize direct sunlight; sensors were installed 1 m above the ground 




8.4.1 Road runoff  separation 
To examine the extent that fern growth affects road-generated HOF, road runoff  exclusive 
of  any upslope contribution was estimated using the following criteria. First we assumed 
that any flow occurring 20 min after the cessation of  precipitation on the road section was 
subsurface flow. The 20-min criterion for stormflow separation was determined by 
measuring time after rainfall cessation until runoff  cessation for several storms that 
generated predominantly HOF; subsurface input was easily detected by a sudden increase 
of  specific conductance from <15 to >30 µS cm-1. This 20-min criterion was also applied 
to quantify overland flow from the ZOBC3 outlet. Flow was measured separately at both 
road weirs and combined to obtain the total stormflow hydrographs at the road weirs 
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(TOTAL) because these were hydrologically connected and thus inseparable. Then I 
estimated storm-based HOF volume by subtracting surface runoff  at the outlet of  ZOBC3 
(BASIN) from TOTAL. Both BASIN and TOTAL were estimated by calculating the areas 
under their respective hydrographs partitioned by a straight line connecting the initial rise 
of  flow to a point on the recession limb 20 min after the cessation of  rainfall. HOF was 
expressed as depth using the road running surface area of  183 m2 as the contributing area. 
Rainfall events were defined as a ‘storm’ if  at least 5 mm of  total rain fell with no periods 
of  unmeasured rainfall for >60 min. 
Relationships between storm precipitation and HOF depth were firstly examined 
by univariate regression analysis separately for the storms that occurred during two periods 
(fern treatments): PRE-FERN (November 2002 - March 2003) and FERN (April 2003 - 
November 2003). These two relationships were then compared by analysis of  covariance 
(ANCOVA) with HOF depth as the dependent variable and storm precipitation as the 
covariate. 
 
8.4.2 Interception loss and element enrichment estimation  
Rainfall inputs (HF: mm) and elemental concentrations (EC: mg L-1) at each site were 
calculated by averaging intra-site replicated samples during each event and expressed as a 
percentage relative to that of  incident precipitation values (HRF and ERC). Furthermore, 
event-based elemental fluxes (EF: mg m-2) for each site were calculated from HRF and ERC 
and expressed as a percentage relative to that of  incident precipitation (NRF).  
To evaluate the net extent of  interception loss and element enrichment by fern 
cover relative to the forest canopy on the hillslopes (i.e., different vegetative covers), I 
removed the influence of  roadside trees using the following approach. Firstly, fern cover 
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was viewed as consisting of  “non-edge” and “edge” components with the latter having an 
estimated width of  0.2 m on both fern canopy edges (Figure 8-3b); width of  fern canopy 
edges were obtained from thorough field measurements. Using a running surface width of  
3.6 m, a fern cover of  57% of  the road running surface (i.e., 2.1 m), and an “edge” width 
of  0.2 m on both sides, the total “non-edge” width across the road was estimated to be 1.7 
m; thus, fern cover consisted of  81% “non-edge” and 19% “edge” components, 
respectively. Secondly, we assumed that the roadside forest canopy had an equal influence 
on rainfall to entire fern cover (57% of  the road surface), whereas the road center (43% of  
the road surface) was not affected by the roadside forest canopy (Figure 8-3). Then, for six 
storms for which hillslope data were available (see Table 8-1), net influence of  fern cover 
on rainfall input and element enrichment (HRF-FERN, ERC-FERN, and ERF-FERN; see additional 
flux by fern cover (B) in Figure 8-3) were calculated after removing forest canopy 
influences (i.e., HRF-AF, ERC-AF, and ERF-AF; see input above fern cover (A) in Figure 8-3) from 
area-weighted inputs measured on the road surface (see (C) in Figure8-3). For two storms 
without AF field data (8 and 9 November 2003), I used the mean values of  HRF, ERC, and 
ERF for AF that were obtained from four storms in late November (Table 1). Furthermore, 
by subtracting estimated area-weighted net influence of  fern cover on rainfall (see (B) in 
Figure 8-3) from area-weighted net input to the road surface (see (C) in Figure 8-3), I 
calculated net rainfall inputs and element fluxes onto the road surface without fern cover 
for ten storms; for six storms without field AF data, I used the mean values of  HRF, ERC, 
and ERF for AF that were obtained from four storms in late November (Table 8-1) 
Repeated measures one-way analysis of  variance (ANOVA) with each event as a 
repeated factor, was used to test for differences in each of  HRF, ERC and ERF: (1) among the 
road sites, (2) among the cover types (i.e., fern cover and forest canopy in ZOBC3, and 
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ZOBC1), and (3) between road surfaces that were covered and not covered by ferns.  
 
8.4.3 Sediment and air temperature data 
Two sediment-monitoring periods were viewed as treatments (fern-sediment treatments) 
with different levels of  fern cover over the running surface: PRE-FERN (0%; 6 – 25 
February 2003) and FERN (>40%; 23 August – 19 November 2003). Relationships 
between cumulative sediment production (m3 ha-1) from the road section (two road weirs 
combined) and cumulative storm precipitation were first examined by univariate regression 
for the two fern-sediment treatments. This was followed by an examination of  the 
differences of  the regression slopes between the two periods by ANCOVA with cumulative 
sediment production as the dependent variable and cumulative precipitation as the 
covariate. Daily maximum and minimum temperatures were separately examined using a 
repeated measures ANOVA with locations as the main factor and days as the repeated 
factor.  
 
8.4.4 Further statistical considerations 
To test for statistical assumptions of  ANOVAs, the data were first fit to the complete 
general linear model and residuals were compared for deviations from a normal 
distribution using the Shapiro-Wilks test. The dependent variables were 
log10(x+1)-transformed to improve normality of  residual distributions wherever 
appropriate. Tukey’s test was used for multiple comparisons among main factors for 
ANOVAs. All the statistical analyses were conducted using SPSS (version 11, SPSS, USA) 





8.5.1 Road runoff  estimation 
The runoff  separation procedure was only applicable to storms with <30 mm total 
precipitation, because during larger storms mixing of  HOF with subsurface flow occurred 
during and after rainfall (Sidle et al., in press). Therefore, we only focused on storms that 
had total precipitation <30 mm (n = 94), which accounted for 39% of  total storm 
precipitation during the study period. Among the 94-recorded storms, HOF for 48 storms 
was separated: 24 storms in each of  the PRE-FERN and FERN treatment periods; 
satisfactory separation was not achieved for the other 46 storms due to complex 
hydrographs (i.e., sequential rain events).  
Road runoff  was linearly predicted for both fern treatments (i.e., PRE-FERN and 
FERN) (Figure 8-4). Furthermore, a greater volume of  runoff  was predicted for a given 
precipitation during PRE-FERN compared with FERN periods; ANCOVA showed 
significant main effects (F1,44 = 4.81, p<0.05) and covariate effects (F1,44= 205.20, p<0.001), 
whereas the interaction term was not significant (F1,44 = 0.01, p = 0.91) (Figure 8-4). The 
relationship between runoff  and total storm precipitation for the PRE-FERN period 
nearly coincided with the 100% runoff  coefficient line (Figure 8-4). Some data points are 
plotted above the 100% runoff  coefficient line, perhaps due to that fact that cut and fill 
slope surface also contributed to the road-generated HOF in particular during intensive 
rainfall events. Based on regression lines for the FERN period and 100% runoff  
coefficient line, surface runoff  during the FERN period was reduced by 4.8 mm for storms 
ranging in depths from 5 to 30 mm. 
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8.5.2 Interception loss and element contents at road sites 
Rainfall inputs were significantly different among the road sites (Table 8-2). The greatest 
interception loss occurred at NEF, whereas rainfall inputs at EF increased 34% relative to 


















Figure 8-4 Relationships between total precipitation and estimated surface runoff  from 
the 183-m2 road surface for the PRE-FERN (November 2002 – March 2003: closed circles) 
and FERN periods (April 2003 – November 2003: open circles). The dashed line denotes 
the 100% runoff  coefficient relationship between runoff  depth and total storm 





Table 8-2 a) Rainfall input and element concentration, and b) element flux; these figures 
are presented as percentage (±SE) against those of  incident precipitation. Site 
abbreviations were the same as in Table 8-1 
 
† AF was not statistically compared with three other sites but presented for reference. 
††Results of repeated measures ANOVAs were also shown; N.S. indicates that no statistical difference was 
found. Letters shown by the figures are the results of Tukey’s multiple comparisons among the road sites; 





b) RC EF NEF AF† ANOVA results†† 
DOC flux  113 (7) b 386 (111) ab 760 (201) a 891 (432) F2,18=7.8, p <0.05 
K flux  100 (3) b 318 (100) a 256 (38) ab 107 (6)  F2,18=3.8, p <0.05 
Mg flux  106 (4) b 327 (42) a 246 (20) a 151 (17)  F2,18=22.7, p <0.05 
Ca flux  107 (5) c 251 (27) a 181 (11) b 156 (16)  F2,18=20.1, p <0.05 
a) RC EF NEF AF† ANOVA results†† 
Rainfall input  97 (2) b 134 (6) a 79 (4) c 108 (5)  F2,18=44.6, p <0.001 
DOC enrichment  115 (6) b 290 (79) b 1008 (278) a 800 (362) F2,18=28.8, p <0.001 
K enrichment  102 (1) b 253 (87) a 340 (58) a 99 (4)  F2,18=15.2, p <0.001 
Mg enrichment  108 (4) b 250 (33) a 320 (33) a 143 (23)  F2,18=31.2, p <0.001 
Ca enrichment  109 (4) b 196 (24) a 233 (20) a 146 (19)  F2,18=22.3, p <0.001 
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incident precipitation were: 0.58 (0.12), 0.37 (0.07), 0.06 (0.004), and 0.11 (0.01). For all 
elements examined, enrichment ratios were significantly different among the road sites 
(Table 8-2). The NEF site had higher enrichment ratios for all elements compared with the 
EF and RC sites (significantly higher than RC for all the elements). Mean fluxes (mg m-2) 
(±SE) of  DOC, K, Mg, and Ca in incident precipitation were: 11.32 (3.84), 10.96 (5.83), 
0.97 (0.23), and 1.94 (0.45). Flux significantly differed among the road sites for all elements 
examined (Table 8-2). Elemental fluxes at RC were consistently lowest relative to the other 
two sites. The mean rainfall inputs, enrichment ratios, and element fluxes measured above 
fern (AF) sites were greater than 100% (incident rainfall) as well as those measured for RC, 
except for K enrichment (Table 8-2).  
 
8.5.3 Interception loss and element enrichment of  fern cover and forest canopy 
Both enrichment ratios and fluxes of  K in rainfall under fern cover were as high as those at 
two ZOB plots with forest canopies (Table 8-3). For DOC, Mg, and Ca, enrichment ratios 
were significantly different among cover types (Table 8-3). The ZOBC1 had significantly 
higher enrichment ratios of  DOC, Mg, and Ca compared with fern cover; enrichment ratio 
did not differ between the two ZOB sites for any elements. Fluxes of  DOC and Mg 
significantly differed among the cover types (Table 8-3). The ZOBC1 had significantly 
higher element fluxes of  DOC and Mg compared with fern cover. Enrichment ratios and 
fluxes of  DOC and Mg did not significantly differ between fern and forest cover in 
ZOBC3. 
 
8.5.4 Influences of  fern cover on rainfall and elemental inputs on the road 
surface 
Mean rainfall inputs on the road surface with fern cover were significantly less (-10.5%) 
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Table 8-3 a) Rainfall input and element concentration, and b) element flux under road fern 
cover and forested canopy of  ZOBs; these figures are presented as percentage (±SE) 
against that of  incident precipitation.  
 
 
† Figures for fern coverage were calculated using 3.6 m (running surface with of the roads), fern cover of 
57% of road running surface (i.e., 2.1 m) and “edge (EF)” width of 0.4 m after correcting for AF 
influences (see the text for the details of correction methods). 
††Results of repeated measures ANOVAs were also shown; N.S. indicates that no statistical difference was 
found. Letters shown by the figures are the results of Tukey’s multiple comparisons among the cover 
types; values with the same letters were not statistically different at α = 0.05. 
 
a) Fern cover† ZOBC3 ZOBC1 ANOVA results†† 
Rainfall input  81 (7) a 72 (6) a 67 (4) a N.S. 
DOC enrichment  115 (5) b 2604 (1077) ab 3425 (1260) a F2,10=6.2, p <0.05 
K enrichment  402 (82) a  403 (69) a 420 (84) a N.S. 
Mg enrichment  265 (26) b 411 (36) ab 505 (48) a F2,10=9.6, p <0.05 
Ca enrichment  169 (21) b 294 (21) a 269 (36) a F2,10=7.3, p <0.05 
b) Fern cover† ZOBC3 ZOBC1 ANOVA results†† 
DOC flux  94 (11) b 1872 (844) ab 2279 (824) a F2,10=5.5, p <0.05 
K flux  310 (53) a 289 (60) a  279 (56) a  N.S. 
Mg flux  207 (9) b 304 (49) ab 332 (22) a F2,10=5.2, p <0.05 
Ca flux  131 (7) a 213 (22) a  179 (25) a  N.S. 
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Table 8-4 a) Rainfall input and element concentration, and b) element flux estimated on 
the running surface of  the road section with and without fern cover; these figures are 
presented as percentage (±SE) against that of  incident precipitation.  
 
 
†Values under road fern coverage were the estimations after correcting for the potential influences of 
roadside forest canopy (see the text for the details of correction methods). 
††Results of repeated measures ANOVAs were also shown; N.S. indicates that no statistical difference was 
found. 
b) Without fern cover† With fern cover ANOVA results†† 
DOC flux  525 (83) 494 (116) N.S. 
K flux  104 (2) 205 (25) F1,9 = 15.8, p < 0.01 
Mg flux  132 (5) 202 (18) F1,9 = 29.4, p < 0.001 
Ca flux  134 (3) 161 (9) F1,9 = 15.6, p < 0.01 
a) Without fern cover† With fern cover ANOVA results†† 
Rainfall input  104 (2) 93 (4) F1,9 = 15.6, p < 0.001 
DOC enrichment  505 (97) 546 (172) N.S. 
K enrichment  101 (2) 228 (44) F1,9 = 14.2, p < 0.01 
Mg enrichment  128 (7) 221 (25) F1,9 = 25.6, p < 0.001 
Ca enrichment (%) 130 (4) 176 (15) F1,9 = 15.3, p < 0.01 
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than without fern cover (Table 8-4). Event-based interception losses of  rainfall inputs to 
the road surface due to fern cover ranged from 4.5 to 25%, equivalent to a mean (±SE) of  
1.2 (±0.1) mm for eight events, excluding two events with precipitation of  >30 mm. For K, 
Mg, and Ca, enrichment ratios (+128%, +93%, and +45%) as well as fluxes (+101%, 
+70%, and +26%) were significantly higher on the road surface with fern cover than 
without fern cover (Table 8-4). 
 
8.5.5 Sediment export 
ANCOVA results showed a significant effect of  fern-sediment treatment (PRE-FERN or 
POST-FERN treatments) (F1,12 = 7.9, p<0.01), covariate factor (F1,12 = 78.9, p<0.001), and 
a significant interaction (F1,12 = 45.1, p<0.001). This indicated that sediment export rate 
decreased significantly (-86%) during the FERN monitoring period relative to the 
NON-FERN period (Figure 8-5). Less than 50% of  sediment was exported during the 
FERN period relative to NON-FERN period despite a 5-fold increase in total precipitation 
depth during the FERN period. 
 
8.5.6 Air temperature 
Both maximum and minimum temperatures differed significantly among the locations: F4,32 
= 80.86, p<0.001 for maximum temperature; F4,32 = 6.74, p<0.001 for minimum 
temperature (Table 8-5). Maximum temperature was significantly higher on the road section 
relative to other locations, whereas minimum temperature in the riparian zone was the 
lowest. Variability (measured as standard errors) of  maximum and minimum temperatures 
































Figure 8-5 Cumulative sediment production versus cumulative total storm precipitation 
from the experimental road section for two monitoring periods (February 8 – 25 2003: 
closed circle; August 23 – November 19 2003: closed triangle). Numbers written by 




Table 8-5 Daily maximum and minimum air temperature measured at road center locations 
1 and 2 (RC1 and 2, non edge (NEF), and riparian zone locations 1 and 2 (RP1 and 2) 
between October 6 – 14, 2003. For the locations of  each sampling point, please refer to 
Figure 8-1 and 8-3. 
 
*Letters shown by the figures are the results of Tukey’s multiple comparisons; values 
with the same letters were not statistically different at α = 0.05. 
 
 RC1 RC 2 NEF RP1 RP2 
Daily max.  (°C) 34. 6 (0.9) a 33.9 (1.1) a 26.9 (0.3) b 27.2 (0.4) b 26.5 (0.3) b 
Daily min.  (°C) 21.9 (0.2) b 22.1 (0.2) ab 22.2 (0.2) a 22.2 (0.2) a 22.3 (0.2) a 
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8.6. Discussion 
Numerous prior studies involving forest or crop cover interactions with rainfall have been 
conducted from perspectives of  nutrient cycling and hydrological budgets (Parker, 1983; 
McCarthy et al., 1991; McDowell, 1998; Hölsher, 2003; Liu & Sheu, 2003; Carlyle-Moses et 
al., 2004). Besides, vegetative cover on the land surface is important for soil and water 
conservation in land management related to forestry and agriculture practices (Lal, 1976; 
Swift, 1984; Baharrudin et al., 1995; Edeso et al., 1999). However, few studies have focused 
on the interaction between recolonizing vegetation and fluxes of  water, sediments and 
nutrients on compacted, disturbed land surfaces, in particular road surfaces. The 
preliminary results reported herein suggest that ferns play an important ecological role in 
logging road recovery where remediation of  excessive HOF-driven erosion processes 
cannot be readily achieved by the natural revegetation on the road surface, thus prolonging 
adverse effects of  roads. 
Roadside fern canopy does not exert spatially homogenous influences on rainfall 
quantity and quality due to “edge” and “non-edge” components. The experiment 
conducted using rainfall collectors indicated that a 21% interception loss occurred at 
“non-edge” sites and a 34% input gain occurred at “edge” locations. Field observations 
during storms revealed that this heterogeneity in rainfall input was caused by concentration 
of  part of  the intercepted rainfall by the fern cover moving down along layers of  leaves to 
the edge. After correcting for the influences of  roadside forest canopy (7.7% increase 
relative to incident precipitation), interception loss by fern cover (19%) was as high as from 
nearby forest canopies. The estimated mean interception losses for forest canopies in this 
chapter (i.e., 27.7 and 32.8%) are much higher than those reported by Zulkifli (1996) 
(≈16%) based on two years of  continuous measurements in a forested plot (300 m2) on a 
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hillslope of  BTEW C1. It is likely that the small sample size (six storms) and short duration 
(two weeks) of  event-based monitoring together with the fixed rain gauge locations 
overestimated interception losses of  forest canopies; most likely because I sampled few 
relatively large storms for which interception losses are less important (e.g., Parker, 1983; 
Sinum et al., 1992; Zulkifli, 1996). As similar evapotranspiration processes likely account for 
interception losses in both tree and fern canopies, long-term fern interception losses are 
also expected to be lower if  more events are monitored. 
Forest throughfall is often enriched with K, Ca, and Mg, with K and Ca originating 
mostly from tissue leaching, with some Mg coming from dry deposition (Parker, 1983). The 
results presented in this chapter are generally consistent in that they show throughfall is 
enriched in all four elements examined for both fern cover and the forest canopy. 
Reexamination of  Zulkifli’s (1996) incident precipitation and throughfall data indicate that 
his average enrichment ratios are higher (K: 859%), comparable (Mg: 428%), and lower 
(Ca: 139%) compared to enrichment ratios calculated in this thesis. The deviation of  the 
results of  this chapter from Zulkifli’s (1996) data are most likely due to the small number 
of  sampled storms in our wet season investigation; concentration of  throughfall solutes 
tends to decline during a period of  continuous large storms (e.g., McDowell, 1998). 
Therefore, my data should not be considered as representative of  long-term trends. 
Nevertheless, these results at least suggest that forest canopy and fern cover affect rainfall 
quality differently, despite similar interception losses. For example, only K had a similarly 
high enrichment ratio for fern cover relative to the forested plots. Enrichment ratio 
variability may be attributable to the differences in surface texture, nutrient contents, and 
surface-volume ratio of  leaves (e.g., Luxmoore et al., 1981). Another possible explanation 
for such differences in enrichment ratios is the structural characteristics of  tree canopies 
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and fern cover. For example, tree canopy throughfall is subject to the effects of  branches 
and bark surfaces that tend to be rich in dissolved organic carbon in the form of  organic 
acids, whereas fern cover lacks such structures (Carlisle et al., 1967; Parker, 1983; Liu & 
Sheu, 2003). 
After correcting for roadside forest canopy inputs, the presence of  fern cover 
significantly reduced (-10%) rainfall inputs and increased fluxes of  K (+101%), Mg (+70%), 
and Ca (+26%) onto the road surface. DOC flux did not increase largely because fern 
cover does not significantly enrich throughfall with DOC. Since logging roads were 
primarily constructed by displacement of  fertile surface soils, the exposed road surface was 
similar to the compacted mass of  the original Bt-Bw subsoil horizon in the study catchment. 
Such deeper horizons provide poor foundations for plant growth due to limited nutrients 
(e.g., Gillman et al., 1985; Pinard et al., 1996). In fact, total nitrogen and carbon contents, 
and exchangeable forms of  K, Mg, and Ca within the clay-rich Bt-Bw horizon on the 
hillslope were <20%, <20%, <20%, <20%, and <85% of  the respective values found 
within the surface organic-rich horizons of  this study area (Morisada et al., 2004). 
Unfortunately, my study did not examine the potentially most important limiting nutrients 
such as nitrogen and phosphorous due to unavailability of  the analytical equipments during 
the study, and thus the discussion is limited to K, Mg, and Ca. Deficiency of  K, Mg, and Ca 
in soil could severely limit plant development (Tisdale et al., 1985). For instance, K is of  
paramount importance as an activator of  enzymes crucial in various physiological 
processes; plants deficient in K are also less able to withstand water stress, which may 
frequently occurs on compacted road surfaces during dry seasons. Furthermore, shortages 
of  Mg and Ca could suppress photosynthetic activities and cell elongation and 
development. Therefore, fern cover provides potentially important subsidies of  cations in 
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dissolved forms to nutrient-poor road surfaces, which may in turn facilitate plant recovery. 
The estimated runoff  reduction of  4.8 mm during the FERN period was likely 
caused by combinations of  two processes related to fern cover: interception of  rainfall 
inputs and improved capacity of  road surface to retain rainfall and impede runoff. This 
latter process can be greatly facilitated by commonly observed occurrence of  organic 
debris (dead fern leaves) on the road surface. Such debris provides physical roughness and 
a foundation of  porous organic matter on the road surface, gradually improving moisture 
retention capacity of  the relatively smooth and bare road surface. Direct estimation of  
event-based interception losses at the road surface only accounted for an average of  25% 
of  the reduction predicted from road runoff  monitoring. These results suggest that fern 
cover was more influential on road runoff  through improved surface moisture retention 
capacity compared to interception loss. The findings of  this study differ from previous 
studies in that road runoff  volume reduction was caused by revegetation from the roadside 
(cutslope and fillslope; see Figure 8-3) rather than the road surface (e.g., Beschta, 1978; 
Baharuddin et al., 1995; Luce & Black, 1999). Thus, ferns did not affect HOF volume 
directly by their structure but indirectly though interception loss and debris. Frequent road 
surface wash hinders seed settlement on the road surface (Pinard et al., 1996); reduction of  
surface runoff  should increase the probability of  seedlings successfully establishing on the 
surface. Nevertheless, the net influence of  fern canopy on road runoff  volume will be 
likely to be much less for larger storms, in particular with substantial subsurface flow 
inputs. 
Earlier studies have shown that reduced sediment loss from disturbed surfaces 
coincided with vegetation recovery (e.g., Beschta, 1978; Baharrudin et al., 1995). Three 
causes of  erosion provided dominant sediment sources in our study site: (1) raindrop 
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impact, (2) tractive force of  surface runoff  (HOF and intercepted subsurface return flow), 
and (3) surface disturbance by vehicles and motorcycles. Fern cover and debris potentially 
reduced surface erosion by directly suppressing raindrop impact and the tractive force; 
interception of  raindrops near the ground surface by fern leaves should substantially 
reduce raindrop impact whereas reduced runoff  volume and increased roughness should 
lower tractive forces (see also Woo et al., 1997). I cannot reject the possibility that the 
reduction in sediment export was partly related to depletion of  sediment sources as 
sporadic four-wheel vehicle traffic (<once a week) ceased due to a road failure away from 
the study road site that restricted vehicle access after February 2003. Even after that time, 
however, motorcycles occasionally traveled along the logging road, and tramping by cows 
and humans continued. More importantly, I observed patches of  sediment deposits 
apparently formed by fern debris on the road surface during the fern growth period. Thus, 
at least part of  reduced sediment export rate was attributed to the retardation of  rain 
splash erosion by fern cover, and also increased surface roughness related to fern debris on 
the road surface. Moreover, it is conceivable that patches of  deposited sediment mixed with 
fern debris would not only form a good foundation for subsequent soil development, but 
also potentially reduce surface erosion due to intercepted subsurface runoff  for which fern 
cover has a limited direct influence.  
 Soil with low porosity and drainage efficiency leads to high seeding mortality 
(Kozlowski, 1999); poor nutrient levels further exacerbate mortality. Remediation of  forest 
road surfaces that are degraded by compaction and/or soil displacement may be greatly 
facilitated by the intrusion of  roots of  pioneer plants and the activity of  various 
decomposing organisms (e.g., Aina, 1984). In particular, biota such as termites and 
earthworms contribute to formation of  fertile well drained soils and thus nutrient cycling 
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in tropical ecosystems (e.g., Collins, 1981; Aina, 1984). However, harsh microclimate 
environments can limit such biological processes that are important for natural recovery of  
road surfaces. Temperature, as one important microclimate component, reached 40 ºC on 
the open road on one occasion (14 October 2003); temperatures under fern cover 
remained below 30 º C, similar to those of  riparian zones where temperature fluctuation 
was the lowest compared with other parts of  the catchment. In fact, our preliminary study 
suggests that decomposition rates of  wood and leaf  detritus were lower in open areas, such 
as roads and landing areas, relative to forested hillslopes partly due to the absence of  
termites (Noguchi et al., 2005). On-going studies that examine recovery of  ecological 
function (e.g., organic matter decomposition) in relation with the recovery of  physical 
environments on the logging roads are expected to provide further insights into our 























Chapter 9.  
Conclusions 
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9.1. Chapter introduction 
In this chapter, I synthesize the findings from each chapter in the light of  three 
sub-objectives set in the introduction chapter. In that process, important contributions of  
the thesis to existing knowledge in relevant fields of  science are identified also with 
references to limitations and future research possibilities. Furthermore, it addresses 
significance of  the findings to the management of  forested headwater catchments to 
support more sustainable land and resource uses with reduced environmental impacts on 
site productivity and downstream habitat and water quality. 
 
9.2. Sub-objective 1: To elucidate intra-catchment variability related to 
stormflow generation and solute export within a relatively undisturbed 
tropical headwater catchment. 
The sub-objective 1 was dealt with in Chapter 3 and 4; the study in Chapter 3 elucidated 
the dominant stormflow generation processes in a zero-order basin at the channel head 
whereas the heterogeneity of  stormflow generation processes and solute export within a 
headwater catchment was examined in Chapter 4 based on the findings of  Chapter 3 as 
well as the dataset obtained from other major geomorphic units, i.e., a planer hillslope and 
floodplain area. 
Hydrometric and hydrochemical data presented in Chapter 3 clearly demonstrates 
that stormflow from zero-order basins was largely provided by solute-rich shallow ground 
water perched above the saprolite-soil interface. Soil pipes at the channel head (i.e., profile 
at the basin outlet) contributed approximately 50% of  total ZOB flow during the study 
period, suggesting that such preferential pathways are important for draining solute-rich 
stormflow to downstream systems. It is conceivable that such efficient drainage facilitated 
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by preferential flow networks reduces the chance of  extensive surface saturation, thus 
exporting soil-derived solutes rather than highly diluted rainfall-derived water to 
downstream systems. Although some of  the previous studies in tropics that examined 
stormflow generation processes emphasized the importance of  saturation-excess overland 
flow (e.g., Bonnel & Gilmour, 1978; Elsenbeer et al., 1995b), the findings of  the present 
study suggest that subsurface stormflow generation process may be as important in certain 
situations. Also, detailed information on functional roles of  soil pipe network in stormflow 
generation processes and downstream water quality have been rarely examined in the 
tropics compared to the relatively well recognized significance of  soil pipes in temperate 
forested ecosystems (e.g., Mosley, 1979, 1982; Tsukamoto & Ohta, 1988; Kitahara et al., 
1994; Uchida et al., 1999). For these reasons, the findings of  this thesis related to stormflow 
generation processes and functions of  pipes provided one valuable example in tropical 
regions where further studies should be carried out to better understand a diversity of  
hydrological processes within headwater systems. 
Novelty and importance of  the present study should be recognized in particular in 
that the thesis examined the relative importance of  the processes in the zero-order basin 
relative to the roles of  other geomorphic units to the catchment-scale processes, which has 
not been carried out to the author’s knowledge at least in the tropics. The findings 
presented in Chapter 4 demonstrate that stormflow responses of  a relatively undisturbed 
headwater catchment (C1) were better explained by the hydrological responses from a 
zero-order basin relative to planar hillslopes or the riparian floodplain during relatively large 
storms with high antecedent moisture. For relatively small events, the responses observed 
in the floodplain areas were able to account for the responses at the catchement scale. 
Furthermore, the levels of  selected solutes exported during events from a zero-order basin 
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were higher compared with those from a planer hillslope, likely due to a greater contact of  
subsurface flow with shallow organic-rich soil horizons in the converging zero-order basin. 
Consequently, estimated export of  selected solutes was 4- to 6-fold higher from a 
zero-order basin relative to a planer hillslope during the study period. These results strongly 
support the following concepts: (1) zero-order basins are more dynamic relative to planer 
hillslopes both in terms of  hydrological processes and solute export, and (2) the zero-order 
basin contributes more to catchment hydrological flux as well as selected solute flux (i.e., 
nitrate, potassium, and calcium) on a unit area basis during relatively large storms in which 
thresholds of  subsurface stormflow contribution are reached. These findings suggest that 
the high variability in nutrient export within the headwater catchment is controlled by 
geomorphically mediated variability that likely causes heterogeneity in pathways, fluxes, and 
solute concentrations of  subsurface stormflow.  
As a whole, dominant stormflow generation processes, and the heterogeneity of  
stormflow generation processes and solute exports within the study catchments are well 
elucidated in the present work. I believe that it will substantially contribute to our 
knowledge about tropical headwater catchments largely because this kind of  information is 
extremely lacking in the tropics. Also, this work underscores the importance of  
information about the heterogeneity of  processes within headwater catchemnt (i.e., 
intra-catchment processes), and also demonstrated one potential study approach when the 
details about intra-catchment processes are elucidated. Despite such originality and valuable 
contributions of  the thesis, however, there are several apparent limitations in my approach, 
leaving rooms for possible future studies. First of  all, perhaps the weakest point of  my data 
set is that there were no replicated geomorphic units. Although I believe that the 
geomorphic units examined in the study were more or less representative of  each unit 
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existing within the catchment based on direct field observations, future studies should 
preferably take measurements at multiple sites of  each geomorphic unit. Furthermore, it 
was strongly hoped but not possible for me to calculate areal proportions of  each 
geomorphic unit within the catchment. If  such a calculation can be made with appropriate 
dataset, much more in-depth discussion could have been done for the disproportionate 
importance of  zero-order contributions to the catchment responses in terms of  stormflow 
and solute export. Recent studies in temperate regions increasingly recognized 
geomorphically distinct units to explain catchment hydrological responses (e.g., Sidle et al. 
2000; McGlynn et al. 2004). For example, classification of  geomorphic units using digital 
elevation maps and estimating threshold values for runoff  responses unique to each unit 
seems a promising tool for future studies (McGlynn et al. 2004). Although it is often 
difficult to obtain necessary data such as high-resolution digital elevation maps for tropical 
headwater catchments, as it was also the case in my study site, progress should be made 
urgently in such data organization and preparation to the understanding of  intra-catchment 
heterogeneity in terms of  hydrological flux and solute export. Another important 
implication from my results about the differences in solute levels from geomorphically 
distinct units concerns the applications of  solute signature for chemical hydrograph 
separation. For example, it can be expected that hydrograph separation results based on 
simple mixing models using solutes collected from various geomorphic units may provide 
highly variable results if  soil water signature is variable related to the geomorphic 
characteristics of  the respective sampling points. Nevertheless, such possibility has been 




9.3. Sub-objective 2: To understand how logging road networks alter 
processes and pathways related to stormflow generation and export of  
sediment and solutes within a severely disturbed tropical headwater 
catchment 
The research questions related to sub-objective 2 were addressed in Chapter 5, 6, and 7. 
The dynamic contributions of  unpaved road surfaces to total Hortonian overland flow 
(HOF) measured at the catchment outlet was examined in Chapter 5; the study presented 
in Chapter 6 examined the importance of  logging road surfaces as a source of  sediment 
driven not only by Hortonian overland flow, but also by intercepted subsurface flow, 
potentially exacerbating road surface erosion; the study in Chapter 7 investigated the 
dynamic characteristics of  road-generated sediment and road-intercepted solutes that were 
transported downstream, and those detected at the catchment outlet in relation to rainfall 
event characteristics and antecedent soil moisture conditions. 
In Chapter 5, the separation of  hydrological fluxes based upon road-monitored 
processes provided indirect evidence that the contributing areas of  HOF within a 
headwater catchment expanded from 0.1 to > 1.5 ha with increasing storm rainfall over a 
range from 5 to 88 mm. Conservative estimates of  contributing areas of  HOF after 
correcting for direct precipitation onto saturated areas suggest that all disturbed open 
surfaces including main logging roads, skid trails and landing areas were the sources of  
HOF observed at the catchment outlet during the largest events. The source expansion 
phenomenon of  road HOF was partly attributed to hydrologic connectivity between 
sources and the receiving stream system, the extent of  which is presumably related to 
storm characteristics. 
Results from Chapter 6 demonstrate that headwater catchment C3 was 
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characterized by very high sediment export (4.0 t-1 ha-1 yr-1) compared to other catchments 
disturbed by logging activities, as well as an unstable streambed comprised of  fine material; 
these findings were evident nearly three years after the selective timber harvesting with road 
construction. Based upon the monitoring of  the experimental road section, the road 
cutslope intercepted a substantial volume of  subsurface flow (ISSF) with its contribution 
increasing to >90% of  total road runoff  when rainfall and antecedent moisture was high. 
In particular, ISSF contributions from the ZOBC3 with converging slopes increased 
disproportionately relative to contributions from the hillslope without the influence of  
converging slopes. Consequently, for the six intensively monitored storms in which high 
ISSF inputs to the road were observed, ISSF-related sediment accounted for 27% of  the 
total sediment exported from the road section. Erosion rate of  the road surface was 
exceptionally high (170 t-1 ha-1 yr-1) during the study period, largely explaining the very high 
sediment yield at the catchment outlet. These findings suggest that mid-slope roads, 
conducive to ISSF, not only provide additional sediment for fluvial transport, but also 
prolong road impacts by delaying vegetation recovery on the road surface. 
As discussed in Chapter 7, storm-based intensive monitoring of  sediment and 
solutes from the experimental road section and at the catchment outlet demonstrate that 
source areas and relative contributions of  road-generated sediment and solutes to 
catchment export are variable depending on event characteristics such as rainfall and 
antecedent soil moisture. Nearly all the sediment eroded from the road section originated 
from the road prism; HOF-driven runoff  caused erosion from the running surface of  the 
road, whereas ISSF-driven runoff  led to additional erosion particularly along or near road 
cut areas. In contrast, source areas of  solutes were highly variable; the major source of  
solutes was the road surface for events where road runoff  was dominated by Hortonian 
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overland flow, whereas the majority of  solute export from the road section was accounted 
for by inputs from upslope of  the road prism when substantial ISSF drained from the 
cutslope. Consequently, the contributions of  sediment and solutes from the road surface to 
catchment export differed based on event characteristics. Specifically, once the threshold 
precipitation was reached for substantial SSF flux (and thus ISSF), sediment and solute 
export due to HOF was reduced to levels of  approximately 60% and <50% of  the total 
export, respectively, at both the road and catchment outlets. These results suggest that the 
road prism remains a major contributor to catchment export of  sediment for a range of  
events, whereas solutes originating from the road surface become a much smaller 
component of  catchment export during events that are large enough to trigger substantial 
subsurface stormflow. 
Unpaved road surface is well recognized as a source of  HOF and sediment to 
downstream ecosystems throughout the world (Bruijnzeel & Critchley, 1994; Ziegler & 
Giambelluca, 1997; Ziegler et al., 2000; Sidle et al., 2004). In these three chapters, I clearly 
showed that major sediment source within the C3 was the running surface of  the logging 
road in the study catchment, thus being consistent with the precious studies. Logging roads 
were inferred to be much more important in explaining sediment export at the catchment 
outlet compared to other land surface features such as skid trails because the logging roads 
were well connected to the stream system via well formed gullies. Previous studies pointed 
out that road could negatively affect catchment hydrology and sediment export also by 
intercepting subsurface flow pathway (Burroughs et al., 1972; Megahan, 1972; Megahan, 
1983; Megahan & Clayton, 1983; Wemple & Jones, 2003). Because the causal linkages 
between intercepted subsurface flow and additional road surface erosion has only been 
discussed in these previous works, the result provided herein in this thesis is the first to 
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empirically show how much intercepted subsurface flow (ISSF) also contributes to total 
sediment export from a road section. Furthermore, the process by which roads divert 
solute-rich shallow subsurface flow and bypass the areas downslope was clearly illustrated, 
providing an important framework for future studies that may examine the road 
interception issues from the viewpoint of  nutrient cycling and site productivity. The 
findings in particular reported in Chapter 5 and 7 both pointed out that the hydrological, 
solute and sediment export observed at the road section can not be simply associated to 
the catchment response in an additive way irrespective of  event precipitation and 
antecedent moisture conditions. Instead, the runoff  volume and export of  sediment and 
solutes from road surface, connectivity of  such source areas to the areas downstream, and 
spatial extent of  source areas, are highly variable and dynamic depending on the 
characteristics of  events and antecedent conditions. This point should be well realized and 
carefully considered in future studies when identification of  areas that causes disruption of  
catchment responses are to be undertaken. Otherwise, wrong inferences could be readily 
made leading to false conclusions unless such temporally as well as spatially dynamic 
linkages between phenomena at different spatial scales are taken into consideration. 
Furthermore, it was instrumental for me to have information on various processes in a 
relatively undisturbed condition with which inferences can be made on how logging roads 
disturbed hydrological processes and solute export in the disturbed catchment. In this 
sense, the findings from Chapter 3 and 4 were the necessary part in this thesis. It would 
have been much more difficult for me to attribute some of  the observed processes within 
C3 to the presence of  road network if  there had not been information from relatively 
undisturbed C1 catchment. The thesis showed a potential of  using relatively undisturbed 
control site in adjacent area instead of  having pre-disturbance data that is always preferable 
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to possess but often requires long-term monitoring and much more resources.  
 
9.4. Sub-objective 3: To document recovery processes of  roads associated 
with vegetation regrowth after catchment disturbance related to sediment, 
water, and solute dynamic 
The sub-objective 3 was examined in Chapter 8. The findings of  Chapter 8 suggest that 
growth of  roadside fern (D. curranii) plays an important ecological role in road recovery 
through the following processes: (1) reduction of  HOF (-4.8 mm); (2) reduction of  
sediment export rate (-84%); (3) enhanced fluxes of  selected nutrients (K: +101%, Mg: 
+70%, Ca: +26%); and (4) suppression of  maximum air temperature (-7 ºC). However, 
these findings should be interpreted cautiously due to a relatively short monitoring period 
for some variables and observations restricted to relatively small storms. For example, 
reduction of  HOF and nutrient fluxes were likely overestimated because of  the absence of  
relatively large events; thus, further studies with a long-term monitoring periods and 
replicates are needed. 
The results of  this chapter clearly demonstrate the potentially important road 
surface recovery process that is facilitated by road-side fern growth in highly disturbed 
sediment source areas where vegetation recovery can not be expected from its surface. 
Given the fact that road surface erosion was still substantial even three years after the 
disturbance and reduced after the fern growth to a large extent, such ecological process 
may greatly facilitate catchment recovery in the near future. Unfortunately, within the 
framework of  this thesis, recover process of  roads are only examined at the scale of  
logging roads and not the entire headwater catchment. This leaves rooms for the future 
studies that could examine study questions such as what is the lag time like for headwater 
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catchments to respond after the road surface becomes covered by road-side fern regrowth. 
In tropical environments, several studies recently reported unpaved road surface as an 
important source of  overland flow as well as eroded soil (e.g., Ziegler et al., 2000; Sidle et al., 
2004). Yet, our knowledge on how to recover or rehabilitate such problematic land surface 
features is extremely scarce. I believe that the finding of  this chapter made an important 
contribution to the understanding ecological processes that might be taken into 
consideration for unpaved road surface management. 
 
9.5. Management implications 
Although catchment monitoring studies in tropics have become increasingly common (e.g., 
Abdul Rahim Nik & Harding, 1992; Malmer & Grip, 1994; Zulkifli, 1996; Fujieda et al., 
1997), understanding of  intra-catchment processes is very limited. As human activities and 
resultant land use changes encroach into headwater catchments where anthropogenic 
activities were previously less extensive, wiser land use practices that achieve maximum 
economic gains and minimize environmental impacts to local as well as downstream areas 
are necessary. The conventional catchment monitoring approach has limitations for 
providing spatially explicit information that is useful for catchment management because 
internal variability is included as an integral characteristic that eventually determines 
catchment responses. For instance, the catchment outlet monitoring approach may 
effectively predict catchment responses to aggregate land disturbances, combining areal 
extents and types of  activities (e.g., Brown & Krygier, 1971; Hewlett et al., 1984; King & 
Tennyson, 1984). However, catchment response to land disturbances is likely also 
controlled by geophysical factors such as lithology and climate, thus limiting the 
applicability of  predictive relationships established in one region to the other areas. More 
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importantly, such approaches provide very limited information about the potentially critical 
processes by which certain levels of  human activities affect catchment responses; such 
complicated processes may include the locations of  activities relative to the sensitive areas 
within catchments or the degree of  connectivity of  disturbed land surfaces to the stream 
channels. Given that conventional paired catchment monitoring typically requires long 
periods of  calibration and long-term evaluations of  catchment responses while 
unsustainable land management continues at an alarming rate, identification of  
intra-catchment processes that strongly determine the catchment-scale responses to land 
use activity should be given more attention as a means to improve management practices. 
Several of  the research foci in this dissertation answered some of  these critical questions. 
The flow pathway through which precipitation travels to stream channels strongly 
affects the hydrochemical characteristics of  stream chemistry and also nutrient cycling that 
occurs within forested headwater systems. In Bukit Tarek Experimental Watershed, the 
major stormflow generation process is subsurface flow developed above the soil-saprolite 
interface. This suggests that any extensive disturbance (e.g., severe compaction) of  the soil 
surface will likely result in considerable disruptions of  hydrological responses as well as 
internal nutrient cycling because reductions in infiltration capacity will divert water to 
overland runoff  pathways characterized by fast delivery times as well as chemistry similar 
to throughfall rather than solutes derived from soil horizons. Importantly, moreover, 
effects of  land modification within catchments may result in fairly different consequences 
in terms of  altered patterns of  hydrological and hydrochemical responses measurable at 
catchment outlets depending on which geomorphic features present within catchments are 
most affected. According to the results presented in this dissertation, zero-order basins play 
disproportionately important roles in catchment hydrology as well as solute export, at least 
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for relatively large events. Therefore, human activities in the areas of  zero-order basins may 
result in detrimental effects on various catchment processes compared to the case in which 
planer hillslopes are disturbed, even if  the areal extents of  disturbance are comparable. It 
was also found that preferential flow networks, whose outlets are soil pipes, are important 
in providing relatively fast flow pathways compared to matrix flow, facilitating drainage of  
relatively shallow groundwater, promoting a subsurface flow-dominant drainage system, 
and significantly affecting stream chemistry during events. Thus, activities that modify soils 
containing well-developed preferential flow networks via soil pipes within zero-order basins 
may be one of  the practices with the most detrimental consequences to solute-export, 
hydrological response, and also landslide hazards in the system examined in this study. For 
example, interruptions of  soil pipes may cause development of  extensive saturated zones, 
thus promoting saturation excess overland flow rather than subsurface flow pathways. Such 
alterations in dominant flow pathways potentially shift stormflow chemistry from 
soil-water dominated to rainwater-dominated. Furthermore, blockages of  preferential flow 
networks could cause extensive development of  positive pore pressures over large areas 
increasing the probability of  mass failure. 
One characteristic that appeared to render the study areas particularly vulnerable 
to land surface disturbances, and in need of  careful consideration related to land 
management, was the relatively shallow soils (typically <1.5m) in which dominant 
stormflow was generated by shallow groundwater accreted above a hydrologically impeding 
soil-saprolite interface. This vulnerability exists because modification of  soil characteristics 
not only affects hydrological processes occurring at the soil surface (e.g., infiltration 
capacity), but also interrupts the connectivity of  subsurface flow pathways from upslope to 
downslope. In particular, removal of  topsoil to the depth of  hydrologically impeding layers 
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could transform subsurface flow to overland flow. Therefore, road construction should be 
concerned with two types of  hydrological processes: generation of  Hortonian overland 
flow on the road surfaces and resurgence of  subsurface flow. Investigations conducted in a 
severely disturbed catchment (C3) illustrated that the relative importance of  these two 
major processes that are affected by road system varies depending at least on event rainfall 
amount and antecedent moisture conditions. In addition to road surface erosion caused by 
Hortonian overland runoff, intercepted subsurface flow can potentially cause substantial 
amounts of  sediment loss from the road prism.  
While excessive soil erosion originates from the road prism regardless of  the 
dominant hydrological processes (i.e., Hortonian overland flow or intercepted subsurface 
flow), roads disrupt the export and pathways of  solutes in a very different manner 
depending on the storm characteristics. Specifically, the road surface becomes a major 
source of  solute export from the catchment for relatively small events, whereas the road 
surface itself  becomes a relatively minor source of  solutes for relatively large events 
because intercepted subsurface flow is the major source of  solutes that drains via road 
systems for such events. Such altered hydrological and hydrochemical pathways involving 
interception of  large volumes of  subsurface flow are particularly important for nutrient 
cycling as well as road recovery after road abandonment. For example, areas downslope the 
road may suffer from the decreased levels of  soil moisture characteristics as well as nutrient 
levels as the result of  subsurface flow pathways bypassing via road-gully systems. 
Furthermore, roads that intercept large volumes of  subsurface flow tend to experience 
continuous surface wash for extended periods, making it difficult for plant seedlings to 
colonize the surface. Such adverse effects of  road construction are likely most pronounced 
when roads cut across hydrologically active areas such as zero-order basins. Although my 
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study design did not allow such testing of  the effects of  topography on ISSF responses due 
to the absence of  multiple monitored road sections crossing various landforms, total 
contributing area to road cuts and gradient of  areas upslope of  road cuts also likely affect 
ISSF response (e.g., Wemple & Jones, 2003). Therefore, I emphasize that road management 
(i.e., location and construction methods) in areas conducive to interruption of  subsurface 
flow should carefully consider these activities in the context of  dominant flow pathways 
and topographic characteristics of  the areas. Equally important, road systems should be 
laid out to minimize extensive direct connectivity of  source areas of  sediment as well as 
solutes to river channel systems to reduce excessive soil transport as well as loss of  
nutrients from the catchments that affect site productivity and downstream water quality 
and aquatic habitat. 
As an example of  an important ecological process that potentially facilitates 
catchment recovery after road construction and heavy use, I preliminary demonstrated that 
recovery of  roadside fern growth (D. curranii) plays an important role in recovery of  road 
systems. D. curranii is often recognized as a ‘nuisance plant’ because it prevents other 
plants from establishing beneath it due to heavy shading and formation of  thickets (e.g., 
Wee, 1984; Russel et al., 1998). Thus, the role of  this fern needs to be carefully evaluated 
before consideration in forest management. In the study area, natural revegetation on the 
surface of  logging roads cannot be expected until the severely eroded and compacted 
surface conditions are ameliorated. Without roadside shrub growth, such a stage will not be 
reached until roadside trees grow large enough to provide canopy cover that reduces 
raindrop impact, provides organic detritus to the ground, and ameliorates microclimate for 
biota. D. curranii likely facilitates this process by providing cover and conditioning soils 
prior to the establishment of  trees along the road, which may replace these functional roles. 
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This fern species is intolerant of  shading and dies off  in light-limited conditions under 
forest canopy. I observed no growth of  D. curranii along a 40-year old logging road in C1 
where a well-developed forest canopy exists. Instead, various types of  tree species are 
currently growing on the road surface. Therefore, I preliminarily argue that at least within 
an initial period of  40 years, road surface revegetation and recovery will likely benefit from 
roadside fern growth. Although the upscaling effects of  road recovery related to fern 
regrowth on the road remains unknown, management practices that does not hinder 
regrowth of  roadside fern along with road abandonment may serve as one feasible and 
economical means to reduce long-lasting influences of  road networks, at least in the areas 
that I have examined in this work. Another important implication provided by my finding 
in Chapter 8 that needs to be well realized is the difficulty of  natural recovers of  road 
surface when roads are constructed deeply into the subsoil to the extent that subsurface 
stormflow is intercepted. Such a situation may be one of  the worst kinds because the road 
surface provides extremely poor foundation for colonizing plants that is the key recovery 
process reported throughout the world, lingering long-term adverse effects; also such 
conditions is very difficult to be improved naturally or artificially. Therefore, layout and 
designing of  roads in the environment similar to what was in the study site must be 
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